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INTRODUCTION 
Calcium sulfate is the most widespread among natural sulfates and 
natural deposits of this mineral represent the world's largest 
potential source of sulfur. It has been utilized by mankind from the 
beginning of history, but its uses have been virtually limited to 
construction and agricultural purposes. 
The natural minerals, gypsum or calcium sulfate dihydrate 
(CaSOf'ZHjO) and anhydrite (CaSO^ ) are widely distributed in the world, 
and each year almost 70 million tons of natural gypsum and anhydrite 
are produced worldwide (Harben and Bates, 1984). During the period 
from 1978 to 1980, gypsum products sold in the United States had a 
total value of approximately $1.4 billion per year, but 94% of this 
amount was for the construction industry (Appleyard, 1983). 
Gypsum is produced in large quantities as a by-product of various 
chemical operations. For example, about 4.5 tons of calcium sulfate 
are generated in the production of each ton of phosphoric acid from 
phosphate rock. As the current annual production of phosphoric acid is 
20 million tons worldwide, some 90 million tons of phosphogypsum are 
produced every year - more than the entire production of natural gypsum 
and anhydrite (Harben and Bates, 1984). Additionally, various forms of 
waste gypsum are also produced when acidic waste liquors are 
neutralized with the cheapest alkali, lime. 
A more recent source of calcium sulfate is the sulfated lime 
produced during fluidized bed combustion of coal. Limestone mixed with 
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high-sulfur coal reacts with sulfur dioxide in a fluidized bed 
combustor. Approximately 1 ton of lime is sulfated during the 
combustion of 5 tons of coal containing 3 wt. % sulfur (Montagna et 
al., 1976). 
All Of these by-products have been considered as wastes, owing to 
unsuitable physical properties and undesirable contaminants. Their 
disposal also creates significant economic and environmental problems. 
The reductive decomposition of calcium sulfate has been studied to 
utilize these materials as an alternative source of sulfur. If they 
can be decomposed to sulfur-free calcium oxide and concentrated sulfur 
dioxide, the latter can be converted into sulfuric acid and the former 
may be recycled to the corresponding chemical operation or the 
fluidized bed combustor. The quicklime also can be used for Portland 
cement manufacture and for agricultural purposes. At the same time, a 
waste disposal problem may be eliminated. Since sulfuric acid and lime 
are first and second, respectively, in tonnage of chemicals consumed by 
industrial countries (Rollinson, 1978), a suitable decomposition 
process would be attractive, especially for those countries where 
demands for acid and lime are large, but domestic supplies are 
insufficient. 
In the past, the thermal decomposition of calcium sulfate was 
investigated, but was found Impractical. Instead, a reductive 
decomposition process using solid carbon reductants such as coal and 
coke was developed in the early part of this century in Europe. The 
final products of that process were sulfuric acid and Portland cement. 
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To develop a simpler, more economical sulfur recovery process 
which produces quicklime as a by-product instead of cement, a process 
using gaseous reactants such as carbon monoxide, hydrogen, or methane 
was studied at Iowa State University. More recently, a process which 
utilizes a unique two-zone fluidized bed reactor was demonstrated at 
the University; this process makes it possible to desulfurize various 
types of calcium sulfate almost completely. 
In spite of these developments, the reductive decomposition 
reaction itself does not appear to be well understood. Most of the 
research in this area has been based on a thermodynamic analysis of the 
reaction. The reaction kinetics were studied using a bench-scale or 
larger reactor and few fundamental data are available. This is partly 
because the reaction is extremely complex and difficult to study, 
considering the following factors: 
1. The reaction occurs at high temperature (above 1000°C) and 
dangerous corrosive gases are involved. Hence, these 
conditions severely limit the instrumentation which can be 
used for an experimental investigation. 
2. Depending on the reaction conditions, a side reaction which 
leads to the formation of calcium sulfide can occur in 
addition to the reaction producing calcium oxide. 
Therefore, product analysis may be required in addition to 
conventional thermogravimetric analysis for studying the 
reaction kinetics. 
3. In the presence of gaseous reaction products such as carbon 
dioxide and sulfur dioxide, the decomposition reaction is 
notable for an initial induction period during which the 
rate of reaction is very slow followed by a period of very 
rapid reaction. This behavior makes it difficult to analyze 
the reaction kinetics with conventional models for 
topochemlcal gas-solid reactions. 
4. Several structural parameters of the solid phase such as 
surface area and porosity are changed during the reaction 
either because of sintering of the solid phases or because 
of the difference in the molal volume of the reactant 
(calcium sulfate) and the product (calcium oxide or calcium 
sulfide). The physical changes affect both kinetic and 
diffusional parameters. They are also complicated by the 
temperature gradients within the solid phase due to the 
endothermic nature of the reduction reaction. Furthermore, 
stoichlometrically the number of moles of gases reacted and 
those produced are different, which creates a non-equimolar 
counter-diffusion condition. 
An extensive study of the general characteristics of the reductive 
decomposition reaction with carbon monoxide was conducted by Wheelock 
(Wheelock, 1958; Wheelock and BoyIan, 1960), and the reaction kinetics 
for limited conditions were analyzed with the grain model by Dlaz-
Bossio et al. (Diaz-Bossio, 1982; Diaz-Bossio et al., 1985; Squier, 
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1985). However, numerous questions remain unanswered and some of them 
are listed below. 
1. What happens during the induction period? Is it due to some 
kind of chemical reaction or to physical change of the solid 
phase? 
2. What is the rate controlling mechanism for the reductive 
decomposition of calcium sulfate? 
3. How is the by-product calcium sulfide formed? Is it from 
the direct reduction of calcium sulfate or from the 
sulfldation of the reduction product calcium oxide? 
4. What is the rate controlling mechanism of the sulfide 
forming reaction? 
5. How can the kinetics of these reactions be mathematically 
modeled and what are the parameters of the models? 
The purposes of the present study were to investigate the kinetics 
of the reductive decomposition of calcium sulfate experimentally and to 
analyze the data with an appropriate gas-solid reaction model. Hence, 
answering all of the above questions became specific objectives of this 
work. 
Using thermogravimetrlc equipment, about 100 runs were made during 
the investigation of the reaction kinetics under various conditions of 
temperature and gas composition. Solid materials were withdrawn from 
the reaction system at various stages of the reaction and analyzed by 
quantitative X-ray diffraction, scanning electron microscopy with 
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electron microprobe, and BET surface area analysis. A mathematical 
model to represent the reaction kinetics was developed and statistical 
methods were used to analyze and fit the experimental data to the 
model. The results of this study may be used to analyze reactor 
performance and to improve process design. 
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LITERATURE REVIEW 
Calcium sulfate was first studied chemically by Lavoisier In 1765 
and the decomposition of calcium sulfate was first reported by Le 
Chateller In 1883 (Dlaz-Bosslo, 1982). As early as 1903, the 
decomposition of calcium sulfate by heating with clay was proposed for 
the production of sulfur dioxide and cement clinker by Lunge (Hull et 
al., 1957), but temperatures required were too high for that period. 
Various investigations then followed and they can be.generally 
classified into thermal and reductive decomposition. 
Thermal decomposition is the direct dissociation of calcium 
sulfate to calcium oxide and sulfur dioxide at elevated temperatures 
(greater than 1200*0); thus 
CaSO, CaO + SO, + 1/2 0, (1) 
Thermal decomposition was investigated first among various 
possible methods for decomposing calcium sulfate. In 1909, Hofman and 
Mostowitsch (1909) reported that, without additives, this reaction 
began at 1200°C and ended at 1400*C with simultaneous melting. At 
these temperatures, the speed of decomposition was Increased by 
additives such as iron pyrites, iron oxide, and lead oxide. 
Later it was found that with no oxygen present other than that 
from the decomposition, very high temperature (greater than 1260*0 and 
very low pressure (less than 1.0 atm.) were required to produce 
appreciable levels of sulfur dioxide (greater than 7%) by thermal 
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decomposition (Swift et al., 1976). The reaction was also very slow 
and sensitive to the reaction atmosphere. The presence of the gaseous 
products at quite low partial pressure reduced the rate of 
decomposition to an unacceptably low level (Nheelock, 1956). These 
restrictions made the thermal decomposition of pure calcium sulfate 
Impractical. 
In reductive decomposition, calcium sulfate Is reduced to calcium 
oxide at 1050-1200*0 by reaction with reductants such as carbon, carbon 
monoxide, hydrogen, etc. 
CaSO* + CO •» CaO + SO, + CO, (2) 
CaSO* + Hj CaO + SO; + HjO (3) 
2 CaSO* + C -• 2 CaO + 2 SOj + CO, (4) 
Under certain conditions, calcium sulfide may be formed by the 
following side reactions: 
CaSO* + 4 CO CaS + 4 CO; (5) 
CaSO* + 4 Hj -» CaS + 4 H,0 (6) 
CaSO, + 2 C •+ CaS + 2 COj (7) 
Since calcium sulfide reduces the quality of the calcium oxide 
product and the level of sulfur dioxide obtainable In the reactor off-
gas, Its formation Is most undesirable. Therefore, the principal 
objectives of process development have been to minimize calcium sulfide 
formation in the product solids and to maximize sulfur dioxide 
concentration In the reactor off-gas. 
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Hofman and Mostowltsch (1910) were among the first to investigate 
the reductive decomposition of calcium sulfate. Using carbon monoxide 
as a reductanti they observed that the rate of reduction of calcium 
sulfate to calcium sulfide increased with temperature over the range 
from 700 to 900*C. Similar results were obtained by Zawadzki et al. 
(1926) using both hydrogen and carbon monoxide as reductants. Most 
importantly, they found that calcium sulfide was formed significantly 
at temperatures lower than 900*C, while calcium oxide predominated at 
much higher temperatures. In 1930, a rotary kiln process for the 
production of calcium oxide and sulfur dioxide by heating gypsum at 
1150-1250*C in a reducing flame was patented by Fleck (Diaz-Bossio, 
1982). 
During World War Z, a method known as the Muller-Kuhne process was 
developed in Germany for the purpose of producing sulfuric acid and 
Portland cement from the naturally-occurring minerals of calcium 
sulfate. The process involved heating gypsum or anhydrite with 
reductant carbon and additives such as silica, ferric oxide, and 
alumina in a rotary kiln, which produced cement clinker and sulfur 
dioxide. After purification the sulfur dioxide was converted to 
sulfuric acid. In the operation of the process, the carbon content of 
the reaction mixture was found to be important : an excess produced 
calcium sulfide, whereas a deficiency resulted in incomplete reduction 
of the sulfate. 
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The Muller-Kuhne process was successfully commercialized and 
became the basis for several commercial plants operated in England and 
Western Europe (Hull et al., 1957). Nevertheless, it has some 
limitations that have precluded wide application. Since cement and 
sulfuric acid are produced in nearly equal amounts by this process, a 
profitable market for the by-product cement must exist to make the 
process economical. The capital investment in a plant which produces 
cement and sulfuric acid from gypsum will be five to seven times that 
of a comparable plant which produces only acid from elemental sulfur. 
Moreover, when waste gypsum like phosphogypsum is used, large amounts 
of Impurities in that material can affect the quality of the cement and 
influence the process adversely (Wheelock and Morris, 1986). 
Therefore, the development of a simpler and more economical sulfur 
recovery process was desired. 
At Iowa State University, considerable work has been carried out 
to develop the reductive decomposition process which produces quicklime 
as a by-product Instead of cement. In the early 1950s, Bollen (1954) 
Investigated the decomposition of calcium sulfate using a fluldlzed bed 
reactor in which small amounts of gypsum or anhydrite were fluldlzed by 
the high temperature combustion products of natural gas. By changing 
the natural gas to air ratio, conditions In the reactor varied from 
oxidizing to neutral, and to reducing. When excess air was used for 
combustion, the rate and extent of desulfurlzation was considerably 
lower; when excess natural gas was used, a significant amount of 
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calcium sulfide was detected In the decomposition product. Bollen 
concluded that desulfurization was fairly rapid and complete with 
minimum sulfide formation when combustion was stoichiometric and the 
reaction temperature was near 1290^ C.' 
Subsequent investigation by Wheelock (1958) confirmed the kinetic 
feasibility of decomposing gypsum into sulfur dioxide and calcium oxide 
in a mildly reducing atmosphere. He used a small fixed bed batch 
reactor as well as a semi-continuous moving bed reactor. Reductive 
decomposition was accomplished by passing a reducing gas such as carbon 
monoxide or hydrogen in low concentration over heated gypsum. Reaction 
conditions had to be controlled very carefully to avoid particle 
sintering or the formation of calcium sulfide. Temperatures greater 
than 1200*0 caused sintering, whereas temperatures below 1100<*C 
resulted in formation of calcium sulfide and incomplete 
desulfurization. Furthermore, a highly reducing gas mixture favored 
the formation of calcium sulfide, but a weakly reducing mixture 
resulted in an unacceptable rate of desulfurization. 
In the following sections, a more detailed discussion of the 
reductive decomposition of calcium sulfate is given. Since most of the 
research in this area has been based on a thermodynamic analysis of the 
reaction, thermodynamics of the reductive decomposition are reviewed 
first. Then detailed results of the important kinetic studies are 
introduced in relation to the present work. This leads to a discussion 
of the conflicting views of the reaction mechanism. Finally, process 
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development progress Including work on the two-zone fluldlzed bed 
reactor is summarized. 
Reaction Thermodynamics 
Most theoretical analyses of the reductive decomposition of 
calcium sulfate have been based on thermodynamics. The purpose of such 
studies was to estimate the effects of temperature and feed gas 
composition on the equilibrium composition of both the solid and gas 
phases. The applicability of the results was, however, greatly limited 
by several factors introduced in the analysis: 
1. For thermodynamic calculations, materials in the system are 
assumed to be in equilibrium, which may not be true in a 
real system. In certain cases, the conversion of a reactant 
may be limited by reaction kinetics rather than 
thermodynamics. 
2. The accuracy of the results depends on the reliability of 
the free energy data used. 
3. The assumption that no solid solutions are formed sometimes 
causes a significant error. Furthermore, since the 
activities of the solid phases are generally assumed to be 
unity, the amount of each solid phase present in equilibrium 
cannot be estimated if the gas phase compositions are held 
constant. 
13 
The thermodynamic feasibility of the reductive decomposition of 
calcium sulfate in a reducing atmosphere was first demonstrated by 
Wheelock (1958). Equilibrium conversions at 1 atm. pressure in a 
closed system obtained in that study indicated that complete conversion 
of calcium sulfate to calcium oxide with no calcium sulfide being 
formed should be possible within an appropriate range of reducing 
conditions. In that analysis, the overall reaction for producing 
calcium oxide was assumed to be 
CaSO* + CO -» CaO + SO, + CO, (2) 
This is an endothermlc reaction favored by high temperature, and, if 
unit activity of each solid phase is assumed, the equilibrium constant 
for this reaction can be expressed by 
^SO 2^0 0 2 
Also, the reaction producing by-product calcium sulfide was assumed to 
be 
CaSO* + 4 CO CaS + 4 COj (5) 
This is an exothermic reaction favored by lower temperature. The 
equilibrium constant for the reaction (5) may be written as 
( P c o , ) *  
- -TpTTTT- <»> 
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The preceding two reactions provide a set of independent equations 
for the system. Hence, the intensive state of the system can be 
determined by fixing three parameters such as temperature, pressure, 
and Pco/Pco, ratio. This ratio is a measure of the reducing potential 
of the system since the gas phase becomes more reducing as the ratio 
increases. Equilibrium constants and heats of reaction for the 
reactions which may occur in the system are listed in Table 1 (Swift, 
1973). 
An equilibrium phase diagram for the system CaSO* -CaS-CaO-CO-
COj-SOj at 1 atm. is shown in Figure 1 (Rassiwalla and Wheelock, 
1977). It shows that the number of solid components which are present 
at equilibrium depends on temperature, pressure, and reducing 
potential. Each solid component occupies a separate phase, and all 
three components can coexist only along the boundary separating area 2 
and area 3 which can be regarded as a coexistence line. The maximum 
sulfur dioxide partial pressure for a given temperature is obtained 
along this line. 
A similar analysis was made by Vogel et al. (1973) for the system 
at 10 atm. At such a high pressure, the region represented by area 1 
of Figure 1 disappeared, while two other regions corresponding to 
mixtures of calcium carbonate and calcium sulfate or calcium carbonate 
and calcium sulfide, respectively, were present. Those regions existed 
at temperatures below 1065*>C (1950*F), but, in the presence of an inert 
gas, they were limited to lower temperatures than that. Vogel et al. 
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TABLE 1. Equilibrium constants and heats of reaction for possible 
reducing reactions (Swift, 1973) 
Equilibrium Constant 
Reaction log^  QK 
1200 K 1400 K 1600 K 
CaSO* + CO + CaO + CO; + SOj 
CaSO* + 4 CO CaS + 4 CO, 
3 CaSO* + CaS -» 4 CaO + 4 SO, 
SO, + 2 CO •» 1/2 S, +2 CO, 
1/2 S, + CO -» COS 
CaO + COS •* CaS + CO, 
0.40 1.66 2.39 
8.01 6.72 5.61 
-6.40 -0.86 3.94 
3.60 2.39 1.40 
-0.13 -0.68 -1.22 
4.15 3.41 2.91 
Heat of Reaction 
Reaction kcal/g mole 
1200 K 1400 K 1600 K 
CaSO* + CO CaO + CO, + SO, 
CaSO* + 4 CO •» CaS + 4 CO, 
3 CaSOt + CaS -» 4 CaO 4 SO, 
SO, + 2 CO ^  1/2 S, +2 CO, 
1/2 S, + CO -> COS 
CaO + COS •» CaS + CO, 
42.65 39.85 36.35 
-50.30 -52.16 -54.56 
220.90 211.56 199.96 
-48.23 -47.86 -47.48 
-21.38 -21.10 -20.79 
-23.34 -23.05 -22.63 
also showed that at the temperatures needed for the reduction of 
calcium sulfate, calcium sulfite could not exist at equilibrium in the 
presence of a carbon dioxide-carbon monoxide mixture, and no 
significant amounts of elemental sulfur and carbonyl sulfide could be 
present in the gas phase. 
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FIGURE 1. Equilibrium phase diagram of the system CaSO* -CaS-CaO-CO-
CO2-SO2 at 1 atm. (Rasslwalla and Wheelock, 1977) 
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The equilibrium of lime with CO-CO,-SO, mixtures was studied 
experimentally at temperatures from 950 to 1300"C by Turkdogan et al. 
(1974). Their results are given in Figures 2 and 3. The two key 
reactions which were considered are given below: 
CaO + CO, + SO, -» CaSO^ + CO (10) 
CaO + 3 CO + SO, CaS + 3 CO, (11) 
As can be seen from Figure 2, the data points were close to 
straight lines drawn on a log-log plot with the theoretical slopes 3:1 
for the equilibrium of sulfide and oxide and -1:1 for the equilibrium 
of sulfate and oxide, respectively. At temperatures of 1200"C and 
presumably higher, there is a marked curvature suggesting partial 
solubility of lime in calcium sulfide and calcium sulfate. On the log-
log plot in Figure 3, the slopes of the sulfur solubility lines are 
shown as a function of Pcoj/^co several temperatures. Within the 
intermediate range of Pco,/^co' the sulfur is In solution in lime as 
sulfide and sulfate ions. 
A thermodynamic analysis of a fluidlzed bed reactor system was 
carried out by Rasslwalla and Wheelock (1977) to predict the optimum 
fuel and air requirements for various operating modes and the resulting 
sulfur dioxide concentration of the gaseous product. Their equilibrium 
model was based on the assumptions that pure anhydrous calcium sulfate, 
methane, and air are fed continuously to a well-mixed, adiabatic 
reactor operating at steady state, and that calcium sulfate is 
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FIGURE 2. Variation of equilibrium SO, pressure over CaS or CaSO^ and 
CaO with Pcoa/Pco ratio (Turkdogan et al., 1974) 
converted completely Into calcium oxide In the reactor. For a case 
employing no heat recovery where the reactants are supplied at ambient 
temperature to the reactor, the fuel and air requirements would be a 
maximum and the sulfur dioxide concentration In the reactor off-gas a 
minimum. On the other hand, for a case Involving maximum heat recovery 
where heat Is recovered from the reaction products to preheat the 
reactants In the most efficient way possible, the fuel and air 
requirements would be a minimum and the sulfur dioxide concentration a 
maximum. The results of this analysis showed that the fuel and air 
requirements would Increase with an increase in operating temperature 
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FIGURE 3. Sulfur solubility in lime (Turkdogan et 1974) 
under no heat recovery conditions, but not under maximum heat recovery 
conditions. For an actual process with less than maximum heat 
recovery, the fuel and air requirements would fall between these 
limits. Present operations of a two-zone fluidized bed reactor at Iowa 
State University are based on the conditions suggested by this analysis 
(see the Section on Process Development). 
Reaction Kinetics 
Several investigations have been carried out to determine the 
effects of different operating conditions on conversion rates and 
sulfide formation. However, most of them were done in bench-scale or 
larger reactors, and few fundamental kinetic data are available. 
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An extensive investigation was conducted by Wheelock (Wheelock, 
1958; Wheelock and BoyIan, 1960). Using a tubular reactor which was 
suspended from a weighing balance, the effects of various operating 
conditions were studied by holding all of the variables constant except 
the one being studied. The progress of the reaction was determined by 
observing the loss in weight of gypsum charged to the reactor as a 
function of time. The percent desulfurization was determined by means 
of the following expression: 
desulfurization <%) 
- X [ ^ " -bmfi <"> 
Using the total desulfurization based on the composition of the final 
solids and assuming that the instantaneous desulfurization was 
proportional to the weight lost by the gypsum charge, desulfurization 
could be plotted as a function of time. 
Wheelock observed essentially two types of desulfurization curves. 
When the feed gas consisted of mixtures of carbon monoxide and 
nitrogen, the curves were characterized by a single constant rate which 
prevailed for practically the entire run. On the other hand, when 
sulfur dioxide was present in the feed gas, the curves were 
characterized by two relatively constant rate periods, the initial and 
the maximum, as is shown in Figure 4. The initial rate was relatively 
slow and very little desulfurization occurred during this period. 
After this initial induction period, the rate rapidly increased to its 
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FIGURE 4. Desulfurization curves for gypsum in a reducing atmosphere 
containing 3% CO, 20% CO,, and 5% SO, (Wheelock, 1958) 
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maximum value, and the greater part of the desulfurlzatlon occurred 
during this period. 
The important observations made by Wheelock can be summarized as 
follows: 
1. The maximum desulfurization rate reached a peak value at 
temperatures between 1180 and 1230*C, whereas the initial 
rate continuously increased with temperature in that range. 
This implies that the mechanism controlling the initial 
desulfurization rate is independent of the mechanism 
controlling the maximum desulfurization rate. 
2. An increase in gas velocity Increased the maximum 
desulfurization rate but decreased the initial rate. 
3. The maximum desulfurization rate decreased rapidly with 
increasing particle size, whereas the initial rate was 
independent of particle size.i Hence, the rate of internal 
diffusion might have been the rate controlling mechanism 
during the maximum rate desulfurization period. 
4. An increase in carbon monoxide concentration gave a linear 
increase in both the initial and maximum rates. 
5. An increase in carbon dioxide concentration decreased the 
maximum desulfurization rate slightly but had no apparent 
effect on the Initial rate. 
iWhen reacted under the same conditions for the same length of 
time, the coarser particles were reacted less and had less tendency to 
form sulfide than did fine particles (Mehra, 1964). 
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6. The calcium sulfide content of the residual solids Increased 
with increasing carbon monoxide and sulfur dioxide 
concentrations in the reactant gas mixture but decreased 
with increasing carbon dioxide concentration and 
temperature. An 1:6 ratio of CO:CO, was suggested to 
prevent sulfide formation. 
7. When the carbon monoxide concentration was less than 4%, the 
presence of 0.5% to 2% sulfur dioxide decreased the initial 
desulfurization rate markedly, but higher concentrations of 
both carbon monoxide and sulfur dioxide had little 
additional effect. Sulfur dioxide had no apparent effect on 
the maximum rate. 
8. Using hydrogen in place of carbon monoxide resulted in a 
maximum reaction rate two to three times higher than that 
with carbon monoxide, while the undesirable conversion of 
calcium sulfate to calcium sulfide occurred equally with 
both reductants. 
As a result of his study, Robbins (1966) proposed that the initial 
rate of calcium sulfate decomposition would be controlled by the direct 
desorption of sulfur dioxide and corresponding formation of calcium 
oxide nuclei in the presence of low reductant and sulfur dioxide 
concentrations. He also suggested that the maximum rate might be 
controlled by the rate of diffusion of gaseous reductants to an 
unreacted core of calcium sulfate. 
24 
Swift (1973) attempted to fit his laboratory data for the 
reductive decomposition of calcium sulfate in a two-zone fluidized bed 
reactor (see the Section on Process Development) to a conventional 
unreacted-core model for heterogeneous gas-solid reaction kinetics. 
For his analysis, he ignored the formation of calcium sulfide and 
assumed only one overall reaction: 
4 CaSO* + CH* •> 4 CaO + 4 SO, + CO, + 2  H,0 (13) 
Uniform gas concentrations were also assumed throughout the reactor 
regardless of the two zones in the reactor. Although his analysis was 
not definitive, he was able to conclude that the degree of 
desulfurization was limited only by the residence time of solids in the 
reactor. The residence time requirement appeared to be a strong 
function of reactor temperature, indicating chemical reaction control 
of the overall reduction rate. This is a conclusion quite contrary to 
that proposed before by Wheelock and Robbins. 
Montagna et al. (1976) studied the effects of several operating 
variables on the performance of a two-zone fluidized bed reactor and 
summarized their results with the following empirical equation: 
R.v =kyc«4 Yo,* h-1.3 3 (14) 
where 
In k = -252 + 121X10*/T - 14.6X10»/T» 
R,y = pounds of SO, removed per pound of SO,-free solid 
h = height of the fluidized bed, ft 
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YcB^ ' mole fraction of CH* in feed gas 
Yog = mole fraction of 0, in feed gas 
k = specific rate constant 
T > temperature, "R 
They reported that the above correlation showed only 9% deviation from 
the experimental data. However, since it is good only for the specific 
reactor which they used, its applicability is obviously limited. 
Chen and Yang (1979) claimed the rate of the solid-solid reaction 
3 CaSOf + CaS 4 CaO 4 SO, (15) 
is the rate-controlling step for the overall rate of reductive 
decomposition of calcium sulfate regardless of the reductant used. 
Their rate expression for reaction (15) is 
dS/dt = - k(P. - P) (16) 
where 
k = 3.3X10: - exp(-12,080/T) 
S = 1 - (sulfate conversion) 
P, = equilibrium partial pressure of SO, 
P = bulk gas partial pressure of SO, 
This equation indicates that the rate of decomposition of calcium 
sulfate depends only on the sulfur dioxide concentration, a conclusion 
which is inconsistent with the previous observations of the reaction 
kinetics. 
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Recently, Dlaz-Bosslo et al. (Diaz-Bossio, 1982; Diaz-Bossio et 
al., 1985; Squler, 1985) reported studies of the reductive 
decomposition of calcium sulfate using a thermogravimetric analyzer. 
In these studies, calcium sulfate pellets were initially sintered in a 
nitrogen environment for 20 min. and reacted with a gaseous mixture 
containing carbon dioxide and either carbon monoxide or hydrogen. 
Since no sulfur dioxide was employed and a high concentration of carbon 
dioxide (24%) was used, the formation of calcium sulfide was prevented. 
Hence, the overall reaction in these experiments was 
CaSO* + CO (Hj) CaO + SO, + CO, (H,0) (2,3) 
A high gas flow rate was used to minimize the effect of external 
diffusion resistance. The initial reaction rates were measured at 
temperatures between 900 and 1180*0 and with reductant concentrations 
ranging from 1 to 6%. The reduction rate was found to be first order 
with respect to the concentration of either hydrogen or carbon 
monoxide, which confirmed Wheelock's result (1958). The rate constants 
based on the initial surface area of the calcium sulfate pellets had an 
activation energy of 242 kJ/mole for carbon monoxide, while the value 
for hydrogen was 288 kJ/mole. The frequency factors were 7.9xio* m/s 
for carbon monoxide and 6.lxiO« m/s for hydrogen, respectively. The 
values for the activation energy suggested that the rate of 
decomposition might be controlled by the chemical reaction rate. 
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The overall conversion-time data were represented fairly well by 
the grain model proposed by Szekely ^  al. (1976). This model assumes 
that the solid Is made up of small grains, which react Individually In 
accordance with a shrinking unreacted-core model. Assuming that the 
reaction rate Is first order with respect to the reductant 
concentration, the grain model equation based on spherical grains and 
chemical reaction control Is 
1 - (1 - X)i/3 = ( )t (17) 
where 
X = fractional conversion of solid 
b = stoichiometric coefficient (= 1) 
k = reaction rate constant, m/sec. 
C;, = reactant gas concentration, moles/m: 
Pg = molar density of solid, moles/ma 
r,Q = initial grain radius, m 
t = time, sec. 
Although the studies of Diaz-Bossio et al. represented significant 
progress in that a mathematical model of the gas-solid reaction 
kinetics was successfully applied, their results did not explain all 
the previous observations made by Wheelock (Wheelock, 1958; Wheelock 
and BoyIan, 1960) and other investigators. First of all, since the 
experimental conditions were limited to those in which no sulfur 
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dioxide was fed with the reducing gas, an Induction period was not 
observed and such a period cannot be explained by the reaction model. 
Also the use of a high concentration Of carbon dioxide prevented the 
formation of calcium sulfide which Is one of the most Important 
characteristics of the reaction system, and, therefore, the results 
were not general in terms of the product distribution. Furthermore, 
since the initial sintering step was conducted in a nitrogen 
atmosphere, the thermal decomposition of calcium sulfate was not 
avoided completely during this step. However, no consideration was 
given to this problem. 
Reaction Mechanism 
The reaction of gas with solid is very complex and involves 
various steps which occur successively. Depending on the particular 
system and the operating conditions, any one of the steps can control 
the overall rate of the reaction. 
• If only the major solid products are considered, the overall 
reactions involved in the reductive decomposition of calcium sulfate 
with carbon monoxide would correspond to reactions <2) and (5). 
CaSO* + CO •> CaO + CO, + SO, (2) 
CaSO* + 4 CO CaS + 4 CO; (5) 
Since both the reactant gas and solid are common to both reactions, a 
specific reaction mechanism could be hypothesized to explain the 
formation of two different products, calcium oxide and calcium sulfide. 
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So far several different reaction mechanisms have been proposed, 
but they are still controversial In a number of respects. The central 
question Is which one of the products, the oxide or the sulfide, is 
formed first and how it is converted to the other. 
One of the most widely accepted ideas is a two-step mechanism, in 
which the formation of calcium sulfide is considered as a prerequisite 
for the subsequent desulfurlzatlon of calcium sulfate. It appears to 
have originated from the development of the Muller-Kuhne process (see 
the next section). Kuhne (1949) recognized that the reduction of 
calcium sulfate with carbon in a rotary kiln 
2 CaSO« + C •» 2 CaO + 2 SOj + CO, (4) 
should take place in two steps as follows: 
CaSO, + 2 C •» CaS + 2 COj (7) 
3 CaSO, + CaS ^  4 CaO + 4 SO, (15) 
The first reaction begins between 750 and 800°C, whereas higher 
temperatures of 1100 to 1200*C favor the second reaction. 
This reaction mechanism appears to be reasonable in many respects. 
Since the inlet end of the rotary kiln is low in temperature and high 
in reducing potential, most of the carbon would be used up rapidly to 
form calcium sulfide with little sulfur dioxide evolution. In fact, 
the solid carbon has a very high local reducing potential even if the 
overall material balance for the reactor indicates a neutral condition. 
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Subsequently, the residual calcium sulfate and calcium sulfide could 
react and produce calcium oxide and sulfur dioxide. The stolchlometry 
would correspond to overall reaction (4). 
Turkdogan and Vlnters (1976) confirmed the two-step mechanism. 
They also suggested that since solid-solid reactions are Inherently 
slow, reactions (7) and (15) should occur actually via the Intermediate 
gaseous products, carbon monoxide and carbon dioxide, produced by the 
oxidation of carbon. The conversion rate of calcium sulfate to calcium 
sulfide by carbon would then be determined by the rate of the following 
reaction: 
C + COj -» 2 CO (18) 
Once carbon monoxide Is formed. It would rapidly reduce calcium sulfate 
to calcium sulfide. 
On the other hand, Chen and Yang (1979) studied the solid-solid 
reaction between calcium sulfate and calcium sulfide by investigating 
the reactions of various combinations of possible Intermediate 
reactants and calcium sulfide. Their conclusion was that reaction (15) 
takes place via the gaseous intermediate, sulfur trioxide, which 
presumably forms by the direct decomposition of calcium sulfate: 
CaSO* •» CaO + SO3 (19) 
CaS + 3 SO, •» CaO + 4 SO, (20) 
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They also claimed that reaction (19) Is the rate controlling step for 
any of the reductive decomposition methods regardless of the reductants 
used. As was discussed in the previous section, that argument is less 
convincing, because the overall reaction rate depends not only on the 
sulfur dioxide concentration but also on the type of reductant and its 
concentration. Furthermore, when gaseous reductants are used, other 
reaction mechanisms which do not include solid-solid reaction (15) seem 
more likely. 
One such reaction mechanism was suggested by Fechkovskii and Ketov 
(1961). The first step of this mechanism is the formation of calcium 
sulfite: 
CaSO* + CO CaSOj + COj (21) 
The intermediate product, calcium sulfite, is then decomposed by the 
reaction 
CaSOj CaO + SO, (22) 
Under certain conditions when the temperature is greater than 750*0, 
calcium sulfide may also be formed by the sulfidation of calcium oxide 
produced by the preceding reaction:' 
SO; + 2 CO •» 1/2 Sj +2 COj (23) 
2 CaO + 3/2 Sj -» 2 CaS + SO, (24) 
2The overall reaction resulting from combining reactions (23) and 
(24) is the sulfidation reaction (13) previously shown. 
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According to the study of Matsuzakl et al. (1978), the 
decomposition of calcium sulfite to form calcium oxide and sulfur 
dioxide can occur at a temperature as low as GOO*C: 
CaSO, CaO + SO, (22) 
Above about 680*0, the following reaction also takes place: 
4 CaSO; •> 3 CaSO, + CaS (25) 
This reaction proceeds further at a temperature of 780*C to form 
calcium oxide and sulfur dioxide: 
3 CaSO, + CaS -» 4 CaO 4 SOj (15) 
Though calcium sulfite is known to be thermodynamically unstable at 
such a high temperature (Vogel et al., 1973), Matsuzakl et al. showed 
that the reductive decomposition of calcium sulfate may proceed via 
calcium sulfite as an Intermediate. 
To Interpret Wheelock's desulfurlzatlon data (1958), Bobbins 
(1966) proposed a different mechanism based on gas adsorption studies. 
According to his hypothesis, since carbon monoxide does not adsorb 
appreciably on a calcium sulfate surface, the carbon monoxide should 
react directly with calcium sulfate. As a result, a compound of sulfur 
dioxide and carbon dioxide adsorbed on calcium oxide may be formed: 
CaSO, + CO •» CaO'SOj 'CO, (26) 
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Calcium oxide Is formed when carbon dioxide and sulfur dioxide 
subsequently desorb from the solid 
CaO'SOj'CO, CaO'SO; + CO (27) 
CaO'SO, •* CaO + SO (28) 
On the other hand, the formation of calcium sulfide follows a two-step 
reaction : 
In short, this mechanism suggests the possibility of the Independent 
formation of calcium oxide and calcium sulfide through a common 
Intermediate, CaO'SO,. 
Another mechanism based on adsorption-dissociation theory was 
suggested by Kostyl'kov and Nosov (1982). According to them, when 
calcium sulfate Is reduced to calcium sulfide at low temperatures (up 
to 900^0, the reductant gas is first chemlsorbed on the calcium 
sulfate surface. Then oxygen is progressively removed from the sulfate 
anion, forming an intermediate metastable liquid phase as is shown 
below: 
CO CO CO CO 
4. 4. 4. i 
CaSO^ -+ I CaSO, •» CaSO, •» CaSO •> CaS I -» CaS 
4, * * i 
CO, CO, CO, CO, 
CaO'SO, + 2 CO •» CaO'S + 2 CO (29) 
CaO'S + CO •» CaS + CO, (30) 
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In the Intermediate temperature range (900-1200*C), calcium oxide may 
be formed by the dissociation oC the unstable Intermediate phase in 
addition to calcium sulfide: 
CaSO, •> I CaSO. I •» CaO + SO, 
CaSO« •» I CaSO. •> CaSO, I CaO + SO 
CaSO* •» I CaSO, -» CaSO, •» CaSOl -» CaO + S 
In the high temperature region (above 1200*C), thermal decomposition of 
calcium sulfate dominates: 
CaSO* -» CaO + SOj + 1/2 0, (1) 
This reaction is intensified by the phase transition from 0-CaSO* to 
a-CaSO,. An interesting aspect of this reaction mechanism is the 
presence of an unstable intermediate liquid phase. However, no direct 
evidence of its presence was presented. 
Process Development 
In this section, the developments which led to the concept of the 
two-zone fluldlzed bed reactor system are discussed In chronological 
order. Some details of the two-zone fluldlzed bed reactor are also 
given. 
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Two-zone fluidized bed reactor system 
Although good results were achieved by reductive decomposition 
under optimum conditions, the results were rather sensitive to changes 
in operating conditions. When less than optimum conditions were 
employed, the solids were either reacted incompletely or contaminated 
with calcium sulfide (Wheelock, 1958). 
The possibility of removing calcium sulfide in the product solids 
was first Investigated by Loebach (1969). From experiments in which 
calcium sulfide was treated in a laboratory-scale fluidized bed 
reactor, he found that calcium sulfide is successfully oxidized to 
either calcium sulfate or calcium oxide at high temperatures: 
CaS + 2 Oa •> CaSO, (31) 
CaS + 3/2 Oj -» CaO + SO, (32) 
Loebach's results provided a basis for the two-zone fluidized bed 
reactor system proposed by Wheelock (1978). This unique device 
overcomes most of the limitations imposed by simple reductive 
decomposition. As can be seen from Figure 5, the two-zone system 
Incorporates both a reducing zone and an oxidizing zone in a single 
fluidized bed reactor. The reducing zone is established by burning 
fuel with substolchiometric amounts of air in the lower section of the 
reactor, and the oxidizing zone is created by the addition of secondary 
air in the upper section of the reactor. The backmlxlng of solids in 
the fluidized bed promotes both the decomposition of calcium sulfate in 
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the reducing zone and the elimination of calcium sulfide in the 
oxidizing zone. 
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FIGURE 5. Conceptual diagram of the two-zone fluidized bed reactor 
(Morris et al., 1987) 
The two-zone system has several advantages. It provides 
conditions which are more highly reducing than can be achieved when all 
the air is introduced through the bottom grid plate. The greater 
concentration of reducing gases favors more rapid reaction of the 
calcium sulfate which makes it possible to operate at somewhat lower 
temperature. Although the higher concentration of reducing gases also 
tends to favor the formation of calcium sulfide, the oxidizing zone 
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apparently eliminates calcium sulfide from the lime product. Also by 
supplying the upper zone with excess air, reducing gases are largely 
eliminated from the reactor off-gas. 
Swift and Wheelock (Swift, 1973, Swift and Wheelock, 1975) 
demonstrated the concept of the two-zone fluidized bed reactor by 
decomposing natural anhydrite and gypsum in a bench-scale reactor. The 
reactor was operated at 1040 to 1200*C with a total air to natural gas 
ratio of 8.5 to 10.7, primary air to natural gas ratio of 4.2 to 5.4, 
and an average solids residence time 29 to 186 min. Desulfurization of 
the bed overflow product was found to decrease by decreasing 
temperature and residence time. However, in most of the runs, the 
overflow product was thoroughly desulfurized (95-99%) and contained low 
levels of calcium sulfide (0.5%). 
Recent development of the two-zone system 
Recently, bench-scale and pilot-plant-scale two-zone fluidized bed 
reactor systems were constructed at Iowa State University and the 
decomposition of various types of calcium sulfate was demonstrated 
(Morris, 1984; Wheelock and Morris, 1986; Morris et al., 1987). As is 
shown in Figure 6, each reactor system is composed of a fluidized bed 
reactor and its supporting equipment for feeding granular gypsum, 
supplying fuel and air, collecting solid products, analyzing the 
product gas, and venting the reactor off-gas. 
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FIGURE 6. Schematic flow diagram of pilot plant reactor system 
(Morris, 1984) 
The main body of each fluidized bed reactor consists of a silicon 
carbide tube which withstands the high temperature, corrosive 
environment and abrasion by the fluidized particles. The pilot plant 
reactor has an inside diameter of 25.4 cm and overall height of 3.0 m. 
The bench scale reactor system has approximately one-third the capacity 
of the pilot plant since it has an inside diameter of 15.2 cm and an 
overall height of 2.1 m. Except for the smaller size of the reactor 
and different entrained particle collection equipment, the bench-scale 
system is very similar to the pilot plant. 
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In both systems, the tubular body of the reactor Is fitted with a 
ceramic gas distributor and a refractory-lined cap. A mixture of 
primary air and fuel (natural gas or powdered coal) Is admitted through 
four cone-shaped openings which are cast Into the distributor. The gas 
distributor also accommodates a protected thermocouple which measures 
the temperature of the fluidized bed, and a ceramic overflow tube which 
establishes a bed depth of 86.4 cm in each of the reactors. A 
refractory-lined cap on top of each silicon carbide reactor tube has an 
opening for the outflow of gas and supports an axial, ceramic dip tube. 
Feed particles and secondary air are Introduced through the dip tube 
Into the middle of the fluidized bed. Hence, the demarcation line 
between the two zones should correspond to the end of the dip tube, 
which is about 43.2 cm above the distributor for each of the reactors. 
The main body of each reactor is surrounded by an electric furnace used 
for preheating the reactor and for making minor adjustments in the 
operating temperature. 
By following the conditions suggested by Rassiwalla and Wheelock 
(1977), Wheelock and Morris (Morris, 1984; Wheelock and Morris, 1986; 
Morris et al., 1987) investigated the decomposition of phosphogypsum 
and other waste gypsum with the reactors. Two kinds of reductants were 
tested, coal incorporated in the feed particles, and gaseous reductants 
produced by partial combustion of either powdered coal or natural gas 
within the fluidized bed reactor. With phosphogypsum both methods 
removed up to 98% of the sulfur from the feed material and produced an 
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Off-gas with 5-6% sulfur dioxide, 
another type of waste gypsum which 
acid with lime. 
Similar results were obtained with 
was produced by neutralizing spent 
Other process developments 
In addition to the work at Iowa State University, extensive 
studies have been conducted in the laboratories of the U.S. Bureau of 
Mines, Exxon Research and Engineering Company, and Argonne National 
Laboratory (Swift et al., 1976). These studies can be divided into two 
different applications. Similar to that at Iowa State University, the 
purpose of the work at the U.S. Bureau of Mines was to produce a 
quality calcium oxide product and high concentration of sulfur dioxide 
in the reactor off-gas by the decomposition of natural and waste 
calcium sulfate. On the other hand, the studies at Exxon Research and 
Engineering Company and Argonne National Laboratory were aimed at the 
regeneration of the calcium-based sorbents used in fluidlzed bed 
combustion. 
In addition to conventional reductive decomposition studies, two-
zone systems which were similar to those at Iowa State University were 
investigated at both Exxon and Argonne, and the results were also very 
promising. At Exxon the cyclic sulfatlon-regeneratlon of sulfated 
sorbent and one-step regeneration at elevated pressure (up to 9.5 atm.) 
were tested. It was found that the presence of a little flyash caused 
agglomeration problems during cyclic operation, and as pressure 
41 
Increased, the sulfur dioxide concentration was significantly 
decreased. 
Recently, a process using a fast fluidized bed reactor was 
demonstrated by Lurgi Corporation (1987). Also the Tennessee Valley 
Authority (Salladay et al., 1986) has proposed to combine three 
industries (electric power, cement, and sulfuric acid) by combining a 
reductive decomposition process with a fluidized bed combustor in a 
power plant. 
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EXPERIMENTAL 
As in most gas-solid reaction studies, the present work consisted 
of three parts: preparation of solids, measurement of reaction rates, 
and analysis of product solids for chemical coo^sitlon and structure. 
Conventional thermogravimetric equipment was used for following the 
progress of the reaction. Since two coupled reactions were involved, 
i.e., the formation of calcium oxide or calcium sulfide by the 
reduction of calcium sulfate, a simple weight change measurement alone 
could not indicate the progress of a single reaction. Hence, the 
composition of partially reacted solids was determined by X-ray powder 
diffraction (XRPD). The morphological change of the solids during 
reaction was investigated by scanning electron microscopy (SEM) and BET 
surface area analysis. At the same time, electron microprobe of SEM 
was used to study the spatial distribution of the key elements, such as 
sulfur in the solids. All of these methods were utilized in 
formulating a reaction mechanism which could serve as a basis for a 
mathematical model of the process. 
Apparatus 
Description of equipment 
A schematic diagram of the experimental apparatus used in this 
work is given in Figure 7. The apparatus consisted of an 
electrobalance, a quartz reactor tube, and an electric furnace. The 
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FIGURE 7. Schematic diagram of the experimental apparatus 
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thermobalance provided a continuous record of the sample weight as a 
function of time for a given set of reaction conditions. 
Inside the reactor tube, a sample pellet was supported by a small 
quartz basket (10 mm in outside diameter) which was suspended by a 
series of several quartz rods having a diameter of 1.0 mm and lengths 
ranging from 5 to 10 cm from one arm of the balance. Since there were 
two openings in the bottom of the basket and the overall shape of the 
basket was hemispherical, most of the surface of the thin disk-like 
pellet was exposed to the gaseous reactants. 
The Cahn model 2000 electrobalance system consisted of a weighing 
unit and a control unit. The weighing unit was housed in a protecting 
glass bell jar and secured to a metal framework. The legs of the frame 
were bolted to a large mass of concrete which rested on a thin sheet of 
damping material in order to absorb vibrations from various sources. 
The quartz reactor had an inside diameter of 25 mm and was 
equipped with a 5 mm diameter quartz thermowell. The reactor tube and 
the balance bell jar were connected by an adapter. It had a side port 
which allowed the gaseous reactants to enter the system. When the 
sample pellet was inserted or removed, the reactor tube was detached 
from the adapter at a ball-and-socket joint. During operation, the 
tube was clamped at both top and bottom to restrict its movement. The 
upper section of the reactor tube served as a mixing and heating zone 
for the gaseous reactants, while the reaction between the gases and the 
solid sample took place in a lower section. The sample basket was 
located in a uniform hot zone in the lower section of the reactor tube. 
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The furnace was an electrically heated tubular furnace with an 
inside diameter of 64 mm (Lindberg model 59344 single zone control 
furnace). It was supported by a Transite and plywood panel attached to 
the metal frame. The furnace temperature was controlled by a control 
console, while a separate chromel-alumel, type K thermocouple was 
inserted in the reactor thermowell to check the actual reactor 
temperature. The thermocouple was isolated from the gaseous reactants 
by a quartz tube since it could not tolerate a reducing atmosphere at 
high temperature. Small two-holed ceramic insulators were used to 
separate the bare thermocouple wires. The thermocouple could be moved 
up and down and was placed next to the sample in the reactor tube. A 
millivolt potentiometer from Leeds and Northrup Company (catalog no. 
8691) was used to measure the electromotive force across the 
thermocouple. The measured electromotive force was corrected for room 
temperature. The actual temperature was found from the reference table 
(American Society for Testing and Materials, 1974) by reading the 
temperature which corresponded to the corrected electromotive force. 
The space between the reactor tube and the furnace was sealed with rock 
wool to prevent temperature fluctuations due to air convection 
currents. 
The flow rates of different gases were metered by calibrated 
rotameters obtained from the Matheson Company and Fisher & Porter 
Company. A flow control needle valve was located on the upstream side 
of each rotameter to control the gas flow. This arrangement provided 
an accurate indication of the flow rate at atmospheric pressure. 
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During operation, the gaseous reactants were mixed together and 
Introduced through the adapter to the reactor tube. At the same time, 
part of the Inert carrier gas (nitrogen) was Introduced directly Into 
the balance bell jar to protect the balance mechanism from the 
corrosive gases. When the sample pellet reacted with the gaseous 
reactants at a preset temperature, the change In sample weight was 
measured by the electrobalance and recorded by a Fisher Recordall 
Series 5000 strip chart recorder. Since all of the thermogravimetrlc 
equipment was housed in a hood, the gas leaving the reactor was vented 
directly into the hood. 
Calibration and adjustment of equipment 
The electrobalance was calibrated with a 100 mg class "M" 
calibrating weight provided by the manufacturer. Unfortunately, the 
full range of the calibration knob was not enough to cover the 100 mg 
recorder range of the electrobalance. For any adjustment, the output 
signal of the control unit for 100 mg was always 9.67 mV, which is 
lower than the manufacturer's specification, 10 mV, and It could not be 
corrected. Hence, the actual calibration was done by adjusting the 
full span of the recorder to match 9.67 mV. As a consequence, the 
recorder zero suppression function could not be used directly, since it 
only cuts down the exact amount of millivolts equivalent to the 
suppressed weight from the balance output. Nevertheless, the output 
signal from the electrobalance was stable. During a blank run, the 
output signal did not drift for several hours. 
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The gas flow drag on the sample depended on the temperature. At 
1100*0 and 2.0 llter/mln. gas flow, the drag was usually equivalent to 
3-4 mg. Since a minimum of 12 min. was required to reach a new steady 
state after disturbing the electrobalance, the drag effect was measured 
at the end of each run, rather than at the beginning. 
The furnace controller was also stable over the range of 
temperatures from 1000 to 1200*C. The temperature response curve for a 
change in set point was slightly underdamped for 10% proportional 
bandwidth. It took at least 20 min. to reach a new steady state. 
To ensure reproducibility of results, it was essential that the 
reactor had an adequate constant temperature zone where the reactant 
solid was located. The temperature distribution in the reactor is 
shown in Figure 8. While the hottest region was about 25 cm above the 
lower end of the furnace (or 17 cm above the lower end of the heating 
element), the most uniform temperature zone was found to be 2 cm below 
the hottest region. Hence, the sample basket was located in the most 
uniform temperature zone throughout the series of experiments. 
When using thermogravimetric equipment, the temperature measured 
by the thermocouple should ideally be the temperature of the sample 
Itself. In reality, however, the sample temperature is somewhat 
different from the measured temperature and depends on various factors. 
As can be seen from Figure 8, the temperature inside the reactor was 
slightly higher (about 4°C) than that in the thermowell. Since the 
thermowell was needed to protect the thermocouple from the reducing 
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FIGURE 8. Temperature distribution inside the reactor tube (ambient 
temperature = 24*0 and N, flowing inside the reactor at 2.0 
liter/min.) 
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atmosphere, this error could not be avoided, as was also the case of 
the inherent error in the reference table (less than 1.5"C). Figure 9 
indicates that the thermowell temperature decreased about 2.8*0 for an 
increase in gas flow rate of 1.0 liter/min. Since the gas flow rate 
was fixed for any given run and the thermowell temperature was 
continuously monitored, the effect of flow rate on temperature did not 
cause any significant error. 
(M~ 
u 
CO 
NITROGEN FLOW (liter/min.) 
FIGURE 9. Effect of gas flow rate on thermowell temperature (ambient 
temperature = 24*0 and furnace controller setting = 1199*0) 
50 
Each rotameter was calibrated with the gas which it handled. For 
flow rates smaller than 0.3 liter/min., a soap film flowmeter (Hewlett-
Packard 0101-0113) was used, and for higher flow rates, a wet test 
meter from Precision Scientific Company was «nployed. Calibration 
curves were based on an average of three measurements for each flow 
rate setting. 
Materials 
Calcium sulfate samples were prepared in pellet form with reagent 
grade powdered gypsum (CaSO^«ZHjO) from Fisher Scientific Company. 
Neither binding material nor die lubricant was used. A predetermined 
weight of gypsum was poured into the stainless steel die and compressed 
manually at 60,000 psi using a bench press. A similar method was 
employed in producing calcium oxide pellets for sulfidation studies. 
For the gypsum powder, the mean particle diameter was 50 m as 
measured with a Mlcrotrac Particle Size Analyzer (Leeds and Northrup 
model 7991-0/1). On the other hand, the ultimate grain size of the 
powder was about 140 & as estimated from an X-ray diffraction pattern 
using the Scherrer formula (Culllty, 1978). Thus the grain size was 
much smaller than the particle size. Although both of these values are 
approximate, they indicate that each particle of the powder was 
composed of thousands of small grains. Further details are presented 
in Appendix A. 
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Since the diameter of each pellet was fixed by the 6.36 mm 
diameter of die, the pellet thickness depended only on the amount of 
material added and the pressure applied to the die. Therefore, from 
the known pellet weight and thickness, the theoretical porosity of the 
pellet was estimated by the following relation: 
« = 1 - (33) 
Pt 
where 
e = theoretical porosity of pellet 
Pg = observed pellet density (= pellet mass / pellet volume) 
Pt = true particle density (= 2.32 g/cm* for gypsum) 
As shown in Figure 10, the pellet porosity was reduced by increasing 
the compaction pressure. The projected maximum porosity at zero 
pressure was 0.36, but actual pellets were prepared at 60,000 psi, 
which corresponded to a porosity of 0.22. These pellets were hard 
enough to handle easily without breakage during the experiments. 
Since one of the objectives was to determine the Intrinsic 
chemical rate constants, small pellets were used to minimize the effect 
of Intra-pellet diffusion (Szekely et §^., 1976). For most 
experiments, the weight of each pellet was chosen to be about 90 mg. 
As the thickness of each pellet was about 1.6 mm, the pellet was a thin 
disk having a diameter to thickness ratio close to 4. For this case, 
an infinite slab could be assumed for the pellet geometry in 
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FIGURE 10. Effect of compaction pressure on pellet porosity 
mathematically modeling the reaction (Squler, 1985). Another benefit 
of using 90 mg pellets was that they were within the 100 mg Recorder 
Range function of the electrobalance. Pellets weighing about 400 mg 
were also made to check for size effects on the reaction kinetics. 
When gypsum is heated above 163*C, it begins to lose its bound 
water. During drying, however, the pellet dimensions did not appear to 
change appreciably. A simple material balance showed that the pellet 
porosity would increase from 0.22 to 0.52 by removing the bound water. 
Similarly, if a calcium sulfate pellet was completely converted to 
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calcium oxide without changing Its dimensions, Its porosity would be 
0.82. Previous studies revealed that this was not the case Cor the 
reductive decomposition oC calcium sulCate. According to Dlaz-Bosslo 
et al. (1985), the porosity Increased from 0.17 to 0.28 at 50% 
conversion, with little change occurring as the conversion increased 
beyond this level. 
The reaction kinetics oC an undried pellet (CaSO* •2H,0) and a 
dried pellet (g-CaSO,) did not appear to be significantly different. 
In a few cases, the surface of an undried pellet exhibited flaking 
because of the abrupt removal of bound water. If a sample was slowly 
introduced into the reactor tube, the water could be removed rapidly 
and safely. 
The gases which were used Included high purity nitrogen (99.95%), 
carbon dioxide, carbon monoxide (99.5% minimum) and sulfur dioxide 
(99.98% minimum). To minimize any hazard due to leaking, the tanks of 
carbon monoxide and sulfur dioxide were placed in the hood where the 
thermogravimetric equipment was located. 
Procedure 
Before each experimental run, the electrobalance and the recorder 
were zeroed first. Initially, the balance output was short-circuited 
and the recorder was zeroed. To compensate for the weight of the 
quartz basket and quartz rods, counter-weights were placed on the 
opposite arm of the balance and the system was brought within 10 mg of 
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being balanced. The system was then brought within 1 wg of being 
perfectly balanced by adjusting the coarse and fine zero knobs on the 
balance control unit. 
The furnace was then set to the desired temperature and stabilized 
for more than 3 hr. During that period, nitrogen gas was continuously 
provided to the balance bell jar at a rate of 0.3 llter/min. to protect 
the balance mechanism from hot and corrosive gases such as sulfur vapor 
coming from the reactor and vent tubes. When the thermocouple in the 
thermowell indicated the desired temperature, carbon dioxide, sulfur 
dioxide, and additional nitrogen were supplied to the reactor tube at 
predetermined rates. 
The reactor tube was then opened, and the sample pellet was placed 
in the quartz basket, which then was Inserted in the reactor tube. The 
reductive decomposition reaction started when the flow of carbon 
monoxide began at a predetermined rate. As the flow of carbon monoxide 
started, the recorder was turned on to record the sample weight change. 
Throughout each run, the temperature of the reactor tube and the gas 
flow rates were continuously monitored and adjusted, if necessary, to 
maintain constant conditions within the reactor. 
After the reaction was completed, all the gas flows were stopped 
and the sample weight under no gas flow was immediately recorded. This 
was done to determine the correction for the drag effect of gas flow. 
The reacted sample was then removed quickly from the reactor tube and 
stored in a desiccator for future analysis. 
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Solid Product Analysis 
X-ray powder diffraction 
Some of the reacted pellets from various stages of reaction were 
analyzed qualitatively and quantitatively by X-ray powder diffraction 
analysis. The analysis was conducted (1) to Identify the solid phases 
present at the end of the reaction under various reaction conditions, 
and (2) to Investigate the change In composition In the course of 
reaction. A Siemens D 500 dlffractometer with Slemens-Allls DIFPRAC V 
dlffractometry software system was used In this work. 
Specimen preparation To prepare a specimen for X-ray powder 
diffraction, the sample pellet was Initially crushed and ground In a 
mortar. Since the quantity of sample material was limited to less than 
100 mg, the powder was spread over a single crystal sample holder on 
which a thin layer of Vaseline was spread. This method minimizes the 
quantity of sample material required, while giving good results.: 
Qualitative analysis Each crystalline material has a specific 
powder diffraction pattern. For most measurements of diffracted beams, 
the parameters of DIFPRAC V were set to a step size of 0.03*, measuring 
time of 1.5 sec., and 20 range of 10-70*. After the pattern was 
obtained and stored in a computer's memory, the peaks of the pattern 
3 The thickness of the calcium sulfate specimen in order that the 
intensity diffracted by a thin layer on the back side be 1/1000 of the 
Intensity diffracted by a thin layer on the front side was estimated to 
be less than 0.26 mm. This estimate is based on a powder density which 
Is 60% of the true density and the use of Cu-Ka radiation at 9=90*. 
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were identified by the IDENT program. The composition of each sample 
was then found by the Hanawalt method (Cullity, 1978), which is a 
systematic way to compare the sample pattern with a standard file from 
the Joint Committee on Powder Diffraction Standards (JCPDS). 
In most cases, the d-spaclngs of the sample peaks generally 
matched those of the standards, but the relative line intensities were 
sometimes different from those of the standards. One possible reason 
for the difference is that the intensities of the standards are based 
on peak height rather than the integrated area which was calculated by 
the IDENT program. The intensities can be influenced by slight 
adjustments in the instrument and by variations in microstrain and 
grain size. Nevertheless, the sample pattern was good enough to use 
for qualitative analysis. 
Quantitative analysis Quantitative X-ray powder diffraction 
analysis was also carried out on some samples. This technique is based 
on the principle that the Intensity of the diffraction line of a 
particular substance in a mixture depends on the relative amount of 
that substance in the mixture (Cullity, 1978). Among several known 
methods for quantitative analysis, the reference Intensity ratio method 
was chosen for its simplicity and accuracy. 
To apply this method, the reference intensity ratio of each 
substance to be analyzed should be obtained first from the diffraction 
pattern of a corresponding reference mixture. The reference mixture is 
an equal weight mixture of a substance to be analyzed and an internal 
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Standard. For an Internal standard, It Is desirable to choose a 
compound which has a strong, high multiplicity X-ray diffraction line 
close to that of the unknown and which Is chemically Inert, readily 
available and of known purity (Bragg, 1967). In this work, a-alumlnum 
oxide (a-Al,0], corrundum) from Merck Company was chosen. 
The reference g-calcium sulfate was prepared by heating reagent 
grade gypsum from Fisher Scientific Company in a furnace at 750*C 
overnight and then cooling it slowly in a desiccator. For the other 
materials, reagents from the same company were used directly. Since 
the calcium oxide reagent was found to have some calcium hydroxide, it 
was dried by a similar method to remove the combined water. Although 
the calcium sulfide and calcium hydroxide reagent had traces of 
impurities such as calcium carbonate, the effect of impurities was 
neglected. 
The powder diffraction patterns of the reference mixtures were 
obtained. The reference intensity ratio is defined by the relationship 
R. = (34) 
where 
R, = reference intensity ratio of substance "a" 
I, = integrated intensity of the strongest line of "a" 
in the reference mixture pattern (counts) 
I, = integrated Intensity of the strongest line of the internal 
standard in the reference mixture pattern (counts) 
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Among the characteristic peaks in the pattern, the strongest lines of 
each material were selected and the reference intensity ratios were 
estimated. These ratios are listed in Table 2. 
TABLE 2. Estimation of reference intensity ratios 
'Mixed with equal weight of a-AljO,, strongest line of which 
is at 2.085 A. 
"This is not a decomposition product. Some calcium oxide was 
hydrated before analysis. 
'Theoretically modified value, since the strongest line of 
g-CaSO* (d = 3.498 &) partly overlapped one of the lines 
(d = 3.479 Â) for a-AljOj. 
Once the reference intensity ratios were known, the weight 
fraction of each component in the unknown sample could be obtained 
directly from the powder diffraction pattern of the sample by the 
following relationship: 
Reference 
Mixture* 
d of a I, 
(A) (counts) 
I, R, 
(counts) 
0-CaSO, 
CaO 
CaS 
Ca(OH)J » 
3.498 87,794' 6,436 13.64 
2.405 22,001 3,712 5.93 
2.846 22,250 4,438 5.01 
2.628 18,237 4,290 4.25 
(35) 
where 
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Xj " weight fraction of component i 
" integrated intensity of component i in the pattern of 
the unknown sample (counts) 
Rj = reference intensity ratio of component i 
Scanning electron microscopy with electron microprobe 
The objective of the scanning electron microscopy study was to 
investigate the structural and chemical changes of the solid phases 
during the reaction. Samples from various stages of the reaction were 
prepared and analyzed by both scanning electron microscopy and electron 
microprobe (X-ray microanalysis). While the former provided 
morphological information about the sample, the latter showed the 
spatial distribution of elements in the sample. 
Specimen preparation After a sample pellet was reacted for a 
predetermined period, it was quickly retrieved from the reactor. The 
pellet was then immersed in a cylindrical mold filled with epoxy resin 
and hardened. The hardened stub was cut in half using an 11-1180 
Isomet low speed diamond saw from Buehler Company. 
The exposed surface of the pellet cross-section was polished by 
one of two methods: (1) polishing with a mixture of water and alumina 
powder (1.0 wm and 0.3 wn, successively) and washing with water, or (2) 
polishing with 1.0 Mm diamond paste and oil (SPI lapping vehicle) and 
washing with xylene. When water was used for polishing and washing. 
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tiny crystals, which appeared to be calcium hydroxidef were observed 
sometimes on the specimen surface after drying. Though the solubility 
of calcium hydroxide In water Is quite low, these crystals may have 
been due to the hydration and dissolution of calcium oxide. Hence, 
most of the specimens were prepared by the second method. 
The materials which were investigated do not naturally conduct 
electricity. To avoid electrical charging and beam damage problems and 
to improve the secondary electron signal from the surface, the 
specimens were coated with a thin layer (15 to 30 nm thickness) of 
silver using a sputter coater (SEN coating unit E5100 from Polaron 
Instruments, Inc.). Silver was chosen for the coating material to 
avoid possible interference with the X-ray spectrum of the specimen, 
when a dot-mapped image of the sulfur distribution was obtained by 
electron microprobe. Disadvantages of using silver were that the 
analysis had to be done immediately because of rapid oxidation 
(tarnishing) of silver to less conductive states and that the method 
was not efficient for magnifications greater than 3000. 
Specimen investigation Scanning electron micrographs of 
various magnification were obtained for each specimen using a JSM-U3 
scanning electron microscope from Japan Electron Optics Laboratory 
Company. At the same time, a dot-mapped Image (area map) of the sulfur 
distribution in the specimen was obtained using a Tracor Northern 2000 
system energy dispersive X-ray spectrometer. 
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BET surface area analysis 
The BET surface area of some pellets was also measured with an 
AccuSorb 2100E BET Surface Area Analyzer from Micromerltics. In order 
to compare the surface area of an undrled pellet with that of a dried 
pellet, a dried pellet was prepared by heating it In an oven at 750*C 
overnight. Depending on the surface area of the sample, nitrogen or 
krypton was used as an adsorbent. One dried but unreacted sample 
pellet was analyzed for pore size distribution by the nitrogen 
adsorption/desorptlon method with the same equipment; the results are 
given in Appendix A. 
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EXPERIMENTAL RESULTS AND DISCUSSION 
About 100 runs were made using thermogravlmetrlc equipment, and 
several pellets reacted at selected conditions were analyzed by the 
methods discussed above to determine their chemical composition and 
structure. These runs were made over the following range of 
conditions : 
temperature, . 1050-1200*C 
pressure, 1 atm. 
CO concentration, 0-7% 
CO; concentration, 10-50% 
SO; concentration, 0-10% 
inert gas phase, N, 
gas flow rate, 2.0 liter/mln. 
These conditions Include most of those studied previously 
(Wheelock, 1958; Swift, 1973; Dlaz-Bosslo et al., 1985), and are based 
on several practical limitations. For example, the reaction rate was 
too slow to study at temperatures lower than 1050*0, and, at 
temperatures over 1200*C, the reaction rate was known to decrease 
(Wheelock, 1958), which was of no practical Interest. On the other 
hand, if carbon monoxide concentration was higher than 10%, the 
reaction rate was very rapid, but the solid product was predominantly 
unwanted calcium sulfide. 
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Generally a high concentration of carbon dioxide was used to 
suppress the formation of calcium sulfide, and a range of 10 to 50% 
seemed adequate to study the effect of this variable. 
The presence of sulfur dioxide in the reacting atmosphere 
significantly affected the reaction kinetics and caused the 
decomposition of calcium sulfate to undergo an initial induction 
period. The range of sulfur dioxide concentration employed here 
corresponded to that which would prevail in practice. 
In order to determine the intrinsic rate constants, the external 
mass transfer resistance needed to be minimized, and, hence, the gas 
flow rate needed to be as high as possible. According to Prabhu 
(1983), who used the same equipment, flow rates above 1.75 llter/mln. 
essentially yielded the same conversion-time curve and a flow rate 
above 3.0 llter/mln. caused the sample basket to oscillate due to 
turbulence. Therefore, a 2.0 llter/mln. gas flow rate was used 
throughout the present investigation. 
• Also, to minimize the effect of Intra-pellet diffusion, thin disk-
shaped pellets weighing about 90 mg were used for most of the runs. In 
a few cases, larger cylindrical pellets weighing about 400 mg were 
employed for comparison. 
In the following sections, the mechanism of the calcium sulfate 
decomposition reaction Is explored first by analyzing the chemical and 
physical changes of the solids during the reaction. Then the effects 
of various conditions on the reaction kinetics are discussed for the 
conversion of calcium sulfate to calcium oxide and to calcium sulfide. 
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The results of thermogravlmetrlc analysis showed that the reacting 
solids experienced an Induction period, an acceleratory period, a decay 
period, and a weight gain period. Subsequent analyses of partially 
reacted pellets and supporting experiments Indicated that the calcium 
sulfate was converted Initially to calcium oxide and then the calcium 
oxide was converted to calcium sulfide. Hence, the reductive 
decomposition of calcium sulfate was found to consist of two separate 
reactions, the reduction of sulfate to oxide and the sulfldatlon of 
oxide to sulfide. From the scanning electron microscope studies, the 
reduction of calcium sulfate was observed to occur uniformly throughout 
an entire pellet, whereas the sulfldatlon of calcium oxide was found to 
follow an unreacted-core model. 
These results made it possible to sort out various possible 
reaction mechanisms and select the most reasonable one. Furthermore, 
by introducing a few assumptions, it was possible to estimate the 
conversion for both the reduction and sulfldatlon reactions. 
The most distinctive feature of the decomposition reaction 
kinetics is a long induction period. Various experiments including 
surface area analysis suggested that the induction period is intimately 
related to the nucleatlon of the product phase. The effects of 
temperature, gas composition, and particle size on the reaction 
kinetics were analyzed, and the results are discussed in terms of the 
nucleatlon and growth theory. 
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The kinetics of the sulfldatlon reaction were also extracted from 
the thermogravinetrlc data. The results confirmed the formation of 
calcium sulfide according to reaction (11), and the conversion rate was 
found to be controlled by the chemical reaction rate. 
Changes In the Solid Phase upon Reaction 
Representative results of thermogravlmetrlc analysis 
Thermogravlmetrlc analysis provides a continuous record of sample 
weight as a function of reaction time for a given set of reaction 
conditions. If the overall reactions Involved In the reductive 
decomposition of calcium sulfate are expressed by the equations 
CaSO« + CO •> CaO + SO, + CO, (2) 
CaSO* + 4 CO •» CaS + 4 CO, (5) 
the pellet weight should decrease as a result of either of these 
reactions, because the molecular weight of the reactant (136.14 for 
calcium sulfate) Is larger than that of either product (56.08 for 
calcium oxide and 72.14 for calcium sulfide). As shown in Figure 11, 
however, the pellet weight did not decrease monotonically in practice 
but instead reflected various reaction stages. 
The induction period occurred during the initial stage of the 
reaction when the progress of the reaction was extremely slow. 
Following this period, the reaction proceeded very rapidly, which is 
characteristic of an acceleratory period (Young, 1966). As the system 
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FIGURE 11. Representative result of thermogravimetric analysis showing 
various stages of reaction 
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approached complete conversion to calcium oxide, the reaction rate 
slowed down, resulting in a decay period. The maximum rate was 
generally observed between the acceleratory period and the decay 
period. In most gas-solid reactions, the decay period leads directly 
to thermodynamic reaction equilibrium. In the present system, there 
was another reaction stage during which the pellet weight increased 
slowly. This phenomenon has not been reported before, and, for 
convenience, will be termiad as the weight gain stage in this work. 
The shape of the thermogravimetric curve depended on the reaction 
conditions, and each stage of reaction seemed to respond differently to 
the changes in reaction conditions. Some examples are given in Figures 
12 to 14. When carbon monoxide concentration was decreased, the 
induction period increased, and the weight gain after the decay period 
decreased (Figure 12). When the particle size was increased, both the 
maximum rate and relative weight gain decreased, but the absolute gain 
in weight was not much different if the elapsed time after the minimum 
weight was the same (Figures 13 and 14). These results illustrate the 
dependency of the reaction kinetics on reaction conditions and further 
details are discussed in subsequent sections. 
Generally, the results of thermogravimetric analysis were highly 
reproducible, as illustrated by Figure 15. Only at low temperatures 
and low carbon monoxide levels was the reproducibility somewhat poor, 
and this was probably due to the unstable nature of the induction 
period. 
68 
1150*C, 20% CO2 
R23, 
SIO,  
S02 
CO 
CO 
o 
< •'0 0 0 0 0^ ^  
S-
, 1 ^ 1 ) 0 0 0 0 0 0 0 ^  
in 
CM 
120 
TIME (min.) 
FIGURE 12. Effect of CO concentration on the thermogravimetric curve 
69 
1150®C 
2% CO, 20% C02, 5% S02 
INITIAL WT. 
105 
Sll 
630.0 mg 
88.0 mg tH 
CO 
M 
CM 
O 
240 120 
TIME (min.) 
180 
FIGURE 13. Effect Of pellet size on the thermogravimetric curve (2% 
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FIGURE 14. Effect Of pellet size on the thermogravlmetrlc curve (5% 
CO) 
71 
1150®C 
2% CO, 20% C02, 5% 802 
INITIAL WEIGHT 
93.5 mg 
91.2 mg 
88.0 mg 
O 
A 
• 
00 
O" 
U 
vo 
^ O-ÊH 
So-
M 
n 
CM 
O' 
1 1 f— 
25 50 75 100 
TIME (min.) 
FIGURE 15. Reproducibility of the thermogravimetric curve 
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Product distribution in the solids 
Since the reductive decomposition of calcium sulfate involves a 
coupled reaction system, thermogravlmetric analysis alone cannot 
describe the reaction kinetics completely, and additional knowledge of 
the changes in composition of the solids is required. 
As discussed in the literature review, the reaction may proceed 
along three possible paths: (1) the oxide and the sulfide may form 
independently, 
CaO 
CaSO. (36) 
y 
CaS 
or (2) the sulfide is an intermediate in the formation of the oxide, 
CaSO* CaS •» CaO (37) 
or (3) the oxide is an intermediate in the formation of the sulfide, 
CaSO* CaO CaS (38) 
These schemes represent the reaction mechanisms about which numerous 
conflicting reports have been made. 
In an effort to Identify the true reaction path for the present 
system, some of the reacted pellets were withdrawn from the reactor at 
various stages of reaction and analyzed by an X-ray powder diffraction 
technique. 
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Figure 16 shows the results of X-ray powder diffraction analysis 
for pellets reacted at llSO^C In an atmosphere containing 5% carbon 
monoxide, 20% carbon dioxide, and 5% sulfur dioxide, as a function Of 
time. Also a quantitative estimation of various species present In the 
product Is listed In Table 3 for various stages of reaction for both 
disk-shaped and cylindrical pellets. At the end of the Induction 
period <R34 and R27) and the end of the acceleratory period (R33 and 
R26), the solid product contained only calcium sulfate and calcium 
oxide. The conversion of calcium sulfate to calcium oxide during the 
induction period was also confirmed by electron spectroscopy for 
chemical analysis (ESCA). For a pellet reacted at 1150*C in a gas 
phase containing 1% carbon monoxide, 20% carbon dioxide, and 5% sulfur 
dioxide, and withdrawn during the induction period, only one peak for 
sulfur corresponding to calcium sulfate was observed, which indicated 
that no calcium sulfide was formed during the Induction period. 
Calcium sulfide began to form during the decay period (R31 and R22), 
and continued to increase <R23 and R21) during the weight gain period. 
Compared to the smaller, thin, disk-shaped pellet, the larger 
cylindrical pellet showed a slower weight change, but in terms of 
product distribution the results were similar for the two types of 
pellets. 
Several pellets were also reacted under various conditions of 
temperature and gas composition until the decay period was over. Table 
4 shows the results of this work; the product was analyzed by an X-ray 
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FIGURE 16. X-ray powder diffraction patterns for pellets reacted for 
various lengths of time 
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TABLE 3. Product distribution of pellets reacted for various lengths 
of time at 1150*0 in a gas phase containing 5% CO, 20% CO,, 
5% SO;, and 70% N, 
Run Pellet Reaction Product Composition (mole %) 
No. Type' Time 
(min.)A CaSOf CaO CaS 
R34 D 2.5 86 14 
R33 D 8 72 28 
R31 D 30 1 66 33 
R23 D 72 3 16 80 
R27 C 12 84 16 
R26 C 22 64 36 
R22 C 52 5 77 18 
R21 C 140 - 35 65 
*D = disk-shaped pellet weighing about 90 mg, 
C = cylindrical pellet weighing about 400 mg. 
AThe successive reaction times represent approximately the 
end of the induction period, the acceleratory period, the decay 
period, and the weight gain period, respectively. 
powder diffraction method. The results indicated that the product 
distribution depended primarily on the reducing potential of the gas 
phase, Pgo/Pgo;, at any given temperature. 
When the carbon monoxide concentration was less than 5% and the 
carbon dioxide concentration was more than 20%, the product was 
predominantly calcium oxide. For these conditions the pellet weight 
gain during thermogravimetric analysis was negligible after the decay 
period. On the other hand, if the carbon monoxide concentration was 
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TABLE 4. Product distribution of pellets reacted under various 
conditions of temperature and gas composition 
Run Reaction Condition* Reaction Product Cmnp. (mole %) 
No. Time 
T(«C) C0(%) C0,(%) SO,(%) (min.)* CaSO, CaO CaS 
R03 1100 5 20 5 84 2 98 
R12 1150 1 20 5 210 - 100 -
Sll 1150 2 20 5 123 2 98 -
R28 1150 5 20 0 38 - 97 3 
R23 1150 5 20 5 72 3 16 80 
R13 1150 7 20 5 54 7 - 93 
ROl 1200 3 20 5 54 3 97 — 
COl 1150 2 10 5 88 1 26 73 
Sll 1150 2 20 5 123 2 98 -
COS 1150 2 30 5 123 - 100 -
C03 1150 2 50 5 155 — 100 — 
S07 1150 2 20 1 67 100 
S08 1150 2 20 3 119 - 100 -
Sll 1150 2 20 5 123 2 98 -
S09 1150 2 20 7 134 2 98 -
S12 1150 2 20 10 100 - 100 -
S14 1150 2 20 10 150 8 90 2 
•Disk-shaped pellets weighing about 90 mg were used, and 
nitrogen was also included in the gas phase. 
"Most runs were continued over the decay period except R03 
and S12, which stopped at the maximum conversion. 
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more than 5% or the carbon dioxide concentration was less than 20%, a 
significant amount of calcium sulfide was found In the product solids. 
In such cases, the weight gain was also substantial. 
In the absence of sulfur dioxide in the gas phase, the product was 
mainly calcium oxide with only a very small amount of calcium sulfide 
(R28). Notably, sulfide formation was not affected significantly by an 
increase in sulfur dioxide concentration. Rather than that, sulfide 
formation seemed to be largely determined by the reducing potential as 
described above. 
One thing to consider is that the results in Table 4 show the 
product distribution only at a certain moment, and the specific 
composition of the solids could change with reaction time. In fact, 
the phase diagram given in the literature review indicates that for the 
majority of reaction conditions In Table 4 calcium sulfide would be 
present at equilibrium. The absence of calcium sulfide in the product 
solids suggests that Its rate of formation Is slow. 
In an effort to confirm the above observations, pellets of pure 
calcium oxide were reacted under conditions similar to those listed in 
Table 4. The results of thermogravimetric analysis generally showed 
two characteristically different curves. As shown in Figure 17, when a 
calcium oxide pellet was reacted at 1150*C In an atmosphere containing 
2% carbon monoxide, 20% carbon dioxide, and 5% sulfur dioxide, the 
pellet weight increased rapidly and the reaction stopped abruptly 
within 5 min. On the other hand, when a pellet was reacted with 5% 
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FIGURE 17. Thermogravlmetrlc analysis of calcium oxide pellets reacted 
at usee in a gas phase containing different levels of CO 
with 20% CO, and 5% SO, 
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carbon monoxide under similar conditions, the pellet weight increased 
slowly and almost in direct proportion to the reaction time just as 
during the weight gain stage of normal thermogravimetric analysis. 
The results reported in Table 5 for X-ray powder diffraction 
analysis of the reacted pellets indicate that the rapid weight increase 
in 2% carbon monoxide was the result of sulfation (calcium sulfate 
formation) of calcium oxide (001), possibly according to the reaction 
CaO + CO; + SO, •» CaSO« + CO (10) 
On the other hand, the slow weight increase in 5% carbon monoxide was 
due to sulfidation (calcium sulfide formation) of calcium oxide (003): 
CaO + 3 CO + SOj -» CaS + 3 CO, (11) 
Hence, if sulfation occurs, the reaction seems to stop within a few 
minutes probably due to pore closure, but the sulfidation reaction 
appears to continue for an extended period. 
Other results of the analysis given in Table 5 showed that higher 
carbon monoxide and lower carbon dioxide concentrations favored sulfide 
formation. In addition, the sulfidation reaction seemed to take place 
only when sulfur dioxide was present in the reaction atmosphere(006). 
Therefore, it can be concluded that the sulfidation of calcium oxide 
may occur if the reducing potential, Pco/^coa' is high enough and 
sulfur dioxide is present in the gas phase. 
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TABLE 5. Product distribution of calcium oxide pellets reacted at 
1150*C in a gas phase of various compositions 
Run Gas Composition (%)* Reaction Product Comp. (mole %) 
N o *  T i m e  
CO CO, so, (mln.) CaO CaSO* CaS 
001 2 20 5 13 97 3 -
004 2 20 10 25 98 - 2 
005 2 50 5 25 100 - -
006 5 20 - 12 100 - -
003 5 20 5 112 10 - 90 
008 7 20 5 24 50 1 49 
«Disk-shaped pure calcium oxide pellets weighing about 90 mg 
and prepared at 60,000 psl were used. 
"Nitrogen was also included. 
All of these observations indicate that the reductive 
decomposition of calcium sulfate actually follows a series of two 
separate reactions: (1) the reduction of calcium sulfate, which is 
responsible for the weight decrease in thermogravimetrlc analysis, 
CaSO* + CO -» CaO + CO, + SO, (2) 
and (2) the sulfidatlon of calcium oxide, which solely determines the 
weight gain of the sample pellet during the last stage of the reaction, 
CaO + 3 CO + SO, •+ Cas + 3 CO, (11) 
This concept is illustrated by Figure 18, where the reaction path 
given in Table 3 is shown by the product distribution in the 
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CaO 
Cas CaSO, 
CaSO. + 4C0 -» Cas + 4C0 
PCO/PC02<0-25 f 
PCO/PC02>0'25 i 
FIGURE 18. Conceptual diagram of the reaction path. The solid dots 
represent the data for thin disk-shaped pellets and the 
open circles indicate the data for cylindrical pellets, 
both from Table 3 
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equilateral triangular coordinates representing the ternary system of 
calcium sulfate, calcium oxide, and calcium sulfide. This diagram 
Indicates that the reaction path closely followed the two sides of the 
triangle in the following way: 
CaSO* -* CaO CaS (38) 
When the reducing potential, Pco/^coa' is higher than 0.25, the 
curve is expected to shift downward and further away from the oxide 
apex. On the other hand, at a lower reducing potential, which appears 
to be more realistic for minimizing the formation of calcium sulfide, 
the reaction path would be very close to the oxide apex. Therefore, 
under these conditions the sulfldation reaction may hot occur or is 
almost negligible until the sulfate is completely reduced to the oxide. 
In other words, reduction and sulfldation are not likely to occur 
simultaneously when the reducing potential is low. 
Microscopic analysis of reacted pellets 
To investigate the structural and chemical changes of the solid 
phase during the reaction, pellets subjected to various stages of 
reaction were analyzed by scanning electron microscopy and X-ray 
microanalysis (electron microprobe). Although these techniques do not 
distinguish between sulfur in the form of sulfate and sulfur in the 
form of sulfide, they can be used to complement Information obtained by 
X-ray powder diffraction analysis. Hence, for ease of comparison, the 
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same reaction conditions (IISO^C, 5% carbon monoxide, 20% carbon 
dioxide, and 5% sulfur dioxide) and the same periods of reaction were 
employed as for the experiments listed In Table 3. 
For each of the sangles, electron micrographs and sulfur area maps 
were obtained at magnifications of 40, 1000, and 3000, respectively, as 
shown in Figures 19 to 23. The lower magnification provided an overall 
picture of the pellet cross-section and the higher magnifications 
provided fine details. 
Figure 19 shows that the unreacted pellet consisted of numerous 
small particles, which in turn were composed of tiny grains as 
described in the Experimental Section. The particles in the pellet 
were aligned in a direction normal to the pressure applied when the 
pellet was made. During the reaction, large pores were formed in this 
direction also. 
After a pellet was reacted for 2.5 min., individual particles were 
no longer discernible because of sintering (Figure 20b). Though some 
of the product oxide phase was believed to be present after reaction 
(Table 3), the sulfur distribution shown in Figure 20a was still 
uniform and like that of the unreacted pellet shown in Figure 19b. 
Moreover, the sulfur area map at a magnification of lOOOx was hard to 
differentiate from the calcium area map for the same location (Figures 
20c and 20d). Only at the edge of the particles did the sulfur 
concentration appear to be slightly less than the calcium 
concentration. The results Indicate that even though some calcium 
FIGURE 19. Electron micrographs and sulfur area maps of an 
unreacted gypsum pellet: 
(a) micrograph of entire cross-section (x40) 
(b) sulfur area map of entire cross-section (x40) 
(c) micrograph of central region (xioOO) 
(d) sulfur area map of central region (xiooo) 
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FIGURE 19 (continued) 
FIGURE 20. Electron micrographs and sulfur and calcium area maps of 
a pellet reacted for 2.5 min.: 
(a) sulfur area map of entire cross-section (x40) 
(b) micrograph of region between center and edge 
(xiOOO) 
(c) sulfur area map of b (xiooo) 
(d) calcium area map of b (xiooo) 
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FIGURE 21. Electron micrographs and sulfur area maps of a pellet 
reacted for 8 min.: 
(a) micrograph of region between center and edge 
(xiOOO) 
(b) sulfur area map of region between center and edge 
(xlOOO) 
(c) micrograph of region between center and edge 
(X3000) 
(d) sulfur area map of region between center and edge 
(X3000) 
r 
FIGURE 21 (continued) 
FIGURE 22. Electron micrographs and sulfur area maps of a pellet 
reacted for 30 min.: 
(a) sulfur area map of entire cross-section (x40) 
(b) micrograph of central region (XIOOO) 
(c) micrograph of central region <x3000) 
(d) sulfur area map of central region (xaooo) 
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FIGURE 22 (continued) 
FIGURE 23. Electron micrographs and sulfur area maps of a pellet 
reacted for 72 min.: 
(a) sulfur area map of entire cross-section (x40) 
(b) micrograph of region between center and edge 
(XIOOO) 
(c) micrograph of region between center and edge 
(X3000) 
(d) sulfur area map of region between center and edge 
(X3000) 
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FIGURE 23 (continued) 
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oxide may have formed, It could not be identified at this 
magnification. Hence, the reduction appears to have taken place at the 
smallest grain level, but it could not be observed because of the 
limited resolution. 
Similar results were obtained for the pellet reacted for 8 min. 
(Figure 21). The surface structure was very complex (Figures 21a and 
21c), but the sulfur distribution was uniform (Figures 21b and 21d). 
Hence, the reduction of calcium sulfate to calcium oxide may have taken 
place uniformly throughout the entire pellet and the intra-pellet 
resistance to diffusion may not have controlled the reaction rate. 
On the other hand, for the pellet reacted for 30 min., sulfur was 
found mainly at the outer surface of the pellet (Figure 22a). Since 
the results of X-ray powder diffraction analysis in Table 3 indicate 
that another pellet reacted for the same time consisted of only calcium 
oxide and calcium sulfide, the sulfur would have to be present as the 
sulfide. 
When a pellet was reacted for 72 min., Figure 23a shows that the 
layer of material having a high sulfur content became thicker which 
corresponded to the increase in sulfide content of the pellet reported 
in Table 3. Also the higher magnification micrographs show that most 
of the sulfur was located around the large pores in the pellet (Figures 
23c and 23d). Since the overall reaction front advanced towards the 
center of the pellet with increasing reaction time, the kinetics of the 
sulfldatlon reaction seemed to follow an unreacted-core model for a 
gas-solid reaction. 
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Swift (1973) also examined the cross-sections of partially reduced 
calcium sulfate particles containing calcium sulfide by X-ray 
microanalysis. However, his results were conflicting; sometimes the 
sulfur concentration was uniform over the entire cross-section, whereas 
other times the sulfur concentration was a maximum near the surface of 
the particle and diminished near the center of the particle. 
Furthermore, Jonke, as reported by Swift (1973), observed an Inner core 
of unreacted calcium sulfate and an outer shell of calcium sulfide 
simultaneously after conducting similar experiments. The present 
results Indicated that, when calcium sulfide was found near the pellet 
surface, calcium sulfate was almost completely converted to calcium 
oxide and no such a calcium sulfate core was observed. Though Swift 
and Jonke's reaction conditions were not specified, the presence of 
unreacted sulfate in the core of solid product seemed to depend on 
reaction conditions. The result of other works consistent with the 
present study is that sulfldation starts at the surface of the pellet. 
Since the present results were also based on specific conditions of 
temperature and gas composition, they can hardly be generalized. 
Therefore, further study may be required to explain these 
Inconsistencies. 
Reaction mechanism 
As discussed in the literature review, several different reaction 
mechanisms with different reaction intermediates have been proposed for 
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the reductive decomposition of calcium sulfate. The central questions 
are whether calcium oxide or calcium sulfide is formed first and how 
these materials are inter-converted. 
For the present system, the experimental results discussed above 
showed that the reaction proceeds via calcium oxide as follows: 
CaSO« •» CaO -» CaS (38) 
Hence, the proposed reaction mechanisms involving parallel formation of 
oxide and sulfide or the production of calcium sulfide as an 
intermediate do not fit the present observations. Robbins' (1966) 
mechanism appears reasonable for explaining oxide formation, but it 
seems inadequate for explaining sulfide formation. Having a common 
Intermediate CaO'SO, to account for the formation of both oxide and 
sulfide does not explain the gain in weight observed at longer reaction 
times by a pellet undergoing thermogravimetric analysis. 
Based on present results, the mechanism suggested by Pechkovskil 
and Ketov (1961) may be the most reasonable. According to them, the 
formation of calcium oxide by means of the overall reaction, 
CaSO, + CO •» CaO + CO, + SO, (2) 
consists of the following two steps: 
CaSO* + CO -> CaSO; + CO, (21) 
CaSO] CaO + SO; (22) 
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As discussed in the literature review, Matsuzaki et al. (1978) 
demonstrated the occurrence of reaction (22), but it is another 
question whether the intermediate sulfite actually occurs or not. In 
the present experiments, no calcium sulfite was observed in any of the 
partially reacted samples. However, it is conceivable that, since 
calcium sulfite is unstable at high temperature, it has a very short 
life and, hence, cannot be observed. In other words, reaction (22) may 
be much faster than reaction (21), resulting in only the oxide product. 
Further studies, especially an jji situ investigation of the solid 
surface during the reaction, are needed to demonstrate the existence of 
calcium sulfite. 
Pechkovskii and Ketov (1961) also suggested that sulfide formation ' 
is the result of the sulfidation of calcium oxide produced by the 
previous reaction, and the overall sulfidation reaction, 
CaSO, + 3 CO + SO3 •» CaS + 3 CO, (11) 
was proposed to proceed through the following two steps: 
SO; + 2 CO + 1/2 S; +2 CO, (23) 
2 CaO + 3/2 Sj -» 2 CaS + SO, (24) 
Since five molecules are involved in reaction (11), it cannot be 
an elementary reaction, and a set of reactions such as reactions (23) 
and (24), which take place successively, seems reasonable. Although 
sometimes a reacted pellet was stained with a yellow color, which might 
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indicate the deposition of elemental sulfur, the occurrence of 
reactions (23) and (24) was not verified experimentally in this work. 
Moreover, why sulfidation follows an unreacted-core model in the case 
of such a porous pellet cannot be explained. 
Assumptions and definitions for conversion estimation 
The fractional conversion of a given reactant A is defined as 
the fraction of reactant converted into product or 
** = (39) 
W i M 0 
where N^g is the initial number of moles of component A and is the 
number of moles of component A at a certain time later. 
If only one reaction occurs in the system and pure solid A is 
converted to solid B such that one mole of B is produced for each mole 
of A converted, a simple material balance gives the following working 
equation for calculating conversion from thermogravimetric data: 
= Ï : 
where Wg is the initial weight of the pellet, W is the instantaneous 
weight of the pellet, Mj, is the molecular weight of reactant A, and M, 
is the molecular weight of product B. 
As discussed in previous sections, the reductive decomposition of 
calcium sulfate involves two coupled reactions under some conditions. 
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and, hence, under such conditions conversion cannot be calculated 
directly from only thernogravlmetrlc data. If the Instantaneous 
changes in solid composition were completely known. It would be 
possible to calculate the conversion due to reduction to calcium oxide 
and that due to sulfldation. However, It is practically impossible to 
analyze the solid product at each step in the reaction for a wide range 
of conditions. 
To solve this problem, Wheelock (1958) calculated total 
desulfurizatlon from the composition of the final product and assumed 
that the Instantaneous desulfurizatlon was proportional to the weight 
loss of the sample. On the other hand, Dlaz-Bossio et al. (1985) 
included 24% carbon dioxide in the gas phase to suppress sulfide 
formation and simply assumed that only calcium oxide was produced. 
in the present work, it was observed that sulfldation did not 
occur or was almost negligible until the sulfate was almost completely 
reduced to the oxide (Figures 18 and 22). This was particularly true 
for low reducing potentials. Therefore, with reference to Figure 24, 
the following assumptions were made to estimate conversion from 
thermogravlmetric data: 
1. Before the sample weight reaches the minimum value, only 
reduction of calcium sulfate to calcium oxide takes place. 
2. The sulfldation of calcium oxide takes place after the 
sample weight reaches a minimum value and the subsequent 
weight gain Is due entirely to sulfldation. 
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FIGURE 24. Typical thermogravimetric curve explaining the assumptions 
for the estimation of reduction and sulfldatlon conversions 
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3. At the point of minimum weight, only pure calcium oxide Is 
present. 
The conversion expressions for the reduction and sulfldatlon 
steps, respectively, are shown below: 
X,(t,) = 1.700 [1.0 - W(t,)/Wo] (41) 
X,(t.) = 3.492 [N(t,)/W. - 1.0] (42) 
where 
X, = reduction conversion 
X, = sulfldatlon conversion 
W = Instantaneous weight of pellet, mg 
WQ - initial weight of pellet, mg 
W, = minimum weight of pellet, mg 
t, = reduction time (= 0 at the beginning of reaction), mln. 
t, = sulfldatlon time (= 0 at the minimum weight), mln. 
This method would not cause any significant error in estimating 
the reduction conversion X, during the induction period and the 
acceleratory period, where calcium oxide was the only product. On the 
other hand, since some calcium sulfide was observed in the decay period 
product, some error would be introduced in estimating conversion during 
the decay period, especially when a high reducing potential is 
employed. In addition, the initial weight of calcium oxide for 
sulfldatlon would not be determined exactly and hence the sulfldatlon 
conversion X^ would not be completely accurate. Otherwise the method 
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provides a reasonable way to study the reaction kinetics of this 
system. Particularly, since no study of the sulfldatlon kinetics has 
been reported, the preliminary data obtained In the present work are 
ln^)ortant. 
Kinetics of Calcium Sulfate Reduction 
The fractional conversion of calcium sulfate to calcium oxide was 
estimated as a function of time from the thermogravlmetrlc data by the 
procedure discussed above. As mentioned previously, thin disk-shaped 
pellets of about 90 mg were used in most of the runs to minimize the 
effect of intra-pellet diffusion, and larger cylindrical pellets were 
used only in certain runs for comparison. 
General characteristics 
Figure 25 shows the effects of gas composition on the reduction of 
calcium sulfate to calcium oxide at 1150*C. The curves appear to 
represent the general characteristics of the reduction kinetics for the 
present system. In an atmosphere of nitrogen alone, the slow thermal 
decomposition of calcium sulfate at a constant rate was observed (llO). 
On the other hand, thermal decomposition was totally suppressed by the 
addition of 5% sulfur dioxide to the nitrogen atmosphere (111). With 
2% carbon monoxide in the gas phase, the reductive decomposition took 
place at an appreciable rate (103),* and the reaction went to 
«In runs 103 and Sll, 20% carbon dioxide was also present in the 
gas phase to avoid the possible formation of calcium sulfide. 
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FIGURE 25. Effect of gas composition on the reduction of CaSO4 at 
1150"C 
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completion within 110 min. Most Importantly, by adding 5% sulfur 
dioxide to the gas phase (Sll), the induction period was increased 
drastically, while the time for complete conversion was almost the 
same. After the induction period, the conversion increased rapidly, 
and, hence, the plot of conversion versus time yielded a curve with a 
sigmoidal shape. 
The induction period often occupied more than half of the total 
reaction time when sulfur dioxide was present in the gas phase. One of 
the potential commercial objectives of reductive decomposition of 
calcium sulfate would be to produce concentrated sulfur dioxide which 
can be used for sulfuric acid manufacture. Therefore, a long induction 
period caused by the presence of sulfur dioxide in the gas phase 
appears inevitable for a commercial process, and, though it is 
undesirable in a practical sense, the induction period represents an 
important part of the reaction kinetics. 
Subsequent experiments showed that the induction period could be 
eliminated by preheating the sample pellets in an atmosphere containing 
5% sulfur dioxide and 95% nitrogen, which caused no apparent change in 
the chemical composition of the pellets. As shown in Figures 26 to 28, 
in spite of the differences in temperature and carbon monoxide level, 
all the conversion-time curves were shifted to the left by preheating 
the pellets for 40 min. The shift due to preheating was also 
approximately 40 min. Therefore, the induction period was thereby 
removed, but the general shape of each curve was retained after the 
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FIGURE 26. Effect Of preheating on the reduction of CaSO* at 1150*C in 
a gas phase containing 2% CO, 20% CO,, 5% SO,, and 73% N, 
(preheating: 40 min. at the reaction temperature in 5% SO, 
and 95% N,) 
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FIGURE 27. Effect Of preheating on the reduction of CaSO* at 1150*>C in 
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Induction period was removed. This Interesting result appears to 
provide an important clue understanding the nature of the Induction 
period and will be discussed In the following section. 
Implications of Induction period 
The presence of a long induction period complicates analysis of 
the reaction kinetics. It Is because a conventional gas-solid reaction 
model based on topochemlcal kinetics does not fit the data and may only 
apply after the induction period. An example is shown in Figure 29 In 
which an experimental conversion-time curve obtained in this work is 
compared with a conversion-time curve predicted using the grain model 
equation developed by Diaz-Bosslo et al. (1985), under the same 
reaction condition. Therefore, the reaction parameters cannot be 
estimated adequately with such a model, and it is difficult to predict 
the conversion. In this context, an understanding of the nature of the 
induction period seems to be essential for studying the reaction 
kinetics of this system. 
As noted in the literature review, Wheelock (1958) suggested that 
the mechanism controlling the initial desulfurizatlon rate which is 
responsible for the induction period is independent of the mechanism 
controlling the maximum desulfurizatlon rate. Several possible 
mechanisms will be considered to account for the induction period. 
First, the induction period may be due to a chemical reaction 
which Involves an intermediate species such as calcium sulfite. If so. 
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FIGURE 29. Comparison of the experimental data with the model 
developed by Diaz-Bossio et al. (1985) 
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the Intermediate should be stable during the induction period; however, 
no such intermediate was observed in analyzing the solid product 
withdrawn during the induction period. 
Second, the induction period may involve the transformation of the 
solid phase into a more easily reacted form. Park and Levenspiel 
(1975) proposed the following crackling core model to account for the 
sigmoidal shape of a conversion-time curve: 
"Here we view the pellet to be initially nonporous. Then under 
the action of reactant gas, the pellet transforms progressively 
from the outside in, by crackling and fissuring, to form an easily 
penetrated (no diffusion resistance) grainy material, which then 
reacts away to final product according to the shrinking core 
model." 
/ nonporous\ step 1 ^ f grainy \ step 2 ^ ( grainy \ 
^ material ' ^intermediate ' ' product' 
physical or chemical 
chemical action 
action by gas 
The observation that reduction took place uniformly throughout the 
entire pellet in the present work indicates that diffusional resistance 
is not significant in this system, which supports the above model. 
However, the pellets used in the present experiments were initially 
porous as shown in Figure 30. Moreover, the pellet surface area 
decreased very rapidly when the pellets were heated in an atmosphere 
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FIGURE 30. Effect of heating on the pellet surface area at 1150*C In 
an atmosphere containing 5% SO, and 95% N, 
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containing 5% sulfur dioxide and 95% nitrogen, the same treatment which 
also eliminated the Induction period. According to the model, the 
surface area should Increase Instead of decrease. Therefore, the 
crackling core model Is also ruled out for the present system. 
Finally, the Induction period could be the result of nucleatlon 
and growth of the product phase. As a result of his gas adsorption 
studies, Bobbins (1966) proposed that the Initial rate of calcium 
sulfate reduction Is controlled by the direct desorptlon of sulfur 
dioxide and corresponding formation of calcium oxide nuclei In the 
presence of low reductant and sulfur dioxide concentrations. The 
results of the present study also appear to support that Idea. 
Otherwise an Increase in the induction period by the presence of sulfur 
dioxide in the gas phase and the elimination of the induction period by 
preheating the solid in an atmosphere which suppresses the 
decomposition cannot be explained. 
The concept of reaction nuclei was first proposed by Macdonald and 
Hinshelwood in 1925 (Young, 1966). They found that the decomposition 
of a solid always originated at an individual point, the germ nuclei, 
and then spread throughout the neighboring unstable crystal lattice. 
This idea has been widely applied in interpreting the behavior of solid 
phase decomposition. 
In the nucleatlon and growth theory, the rate of reaction is 
generally a function of three quantities: the rate of nucleatlon, the 
rate of propagation of the interface between the reactant and the 
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product, and the size and shape of the solids (Rao, 1979). The 
activation energy of the intrinsic reaction rate is primarily dependent 
upon the second of these quantities. 
The observed conversion-time curves are the product of the 
respective influence of these three quantities, and the sigmoidal shape 
arises due to the following reaction steps: 
1. The formation of product phase nuclei at localized sites on 
the reactant surface. 
2. The growth of these nuclei at the expense of the parent 
phase at the product/reactant interface. 
3. The overlap of the growing nuclei and a decrease in the 
product/reactant interface. 
The length of the induction period is therefore most intimately 
related to the rate of formation of nuclei and is sensitive to the 
surface condition of the solids. In the subsequent acceleratory 
period, the conversion rate is essentially a product of two factors, 
one which accounts for the rate of nucleation and another which 
accounts for the rate of growth of the nuclei. Since the number of 
nucleus-forming sites decreases as the reaction interface advances, the 
rate of reaction also decreases and the decay period begins. 
If the rate of nucleation is very high as a result of high 
temperature and a strong reducing potential, the entire surface of the 
solid becomes rapidly covered with product and the product/reactant 
interface advances Inward at a constant rate in a topochemical fashion. 
119 
On the other hand, If the rate of nucleatlon Is not very large, a 
slgmoldal-shaped conversion-time curve is observed. 
If the present results are interpreted in terms of the nucleation 
and growth theory, the rate of nucleatlon seems to be decreased by the 
addition of sulfur dioxide to the gas phase (Sll of Figure 25), and the 
number of nuclei appears to be increased by preheating the pellet 
(Figures 26 to 28). 
Effects of reaction conditions 
The effects of temperature, gas composition, and pellet size on 
the conversion of calcium sulfate to calcium oxide were explored within 
the limited range of conditions discussed previously. The results were • 
based on the direct reaction of calcium sulfate pellets without 
preheating to determine the dependency of the induction period on 
reaction conditions. 
Temperature The effect of temperature was studied in the range 
of 1050 to 1200*C for various constant levels of carbon monoxide 
ranging from 1 to 7%. For each run, 20% carbon dioxide and 5% sulfur 
dioxide were also included in the gas phase. The results are plotted 
in Figures 31 to 35. 
At 1050*C with 1% carbon monoxide, no indication of reaction was 
observed for more than 3 hr. With such a small concentration of carbon 
monoxide, the conversion increased very slowly with time even at 
temperatures higher than 1050*C (Figure 31). 
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FIGURE 31. Effect of temperature on the reduction of CaSO, in a gas 
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FIGURE 33. Effect Of temperature on the reduction of CaSO* In a gas 
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FIGURE 34. Effect of temperature on the reduction of CaSO^ in a gas 
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FIGURE 35. Effect of temperature on the reduction of CaSO^ in a gas 
phase containing 7% CO, 20% CO,, 5% SO,, and 68% N, 
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Generally# at temperatures in the range of 1050 to 1100*0, the 
induction period was so pronounced at any level of carbon monoxide that 
it occupied more than half of the total reaction time for maximum 
conversion. Furthermore, the initial conversion rate or the rate of 
conversion during the induction period was almost zero at temperatures 
in this range, and the rate increased sharply following the induction 
period (Figures 32 to 35). 
As the reaction temperature was increased, the induction period 
decreased and, hence, the initial conversion rate increased. At higher 
temperatures such as 1150 and 1200*C, the initial conversion rate was 
substantial. Therefore, at high temperatures, the change of conversion 
with time was more gradual than at lower temperatures and sometimes it 
was hard to distinguish the induction period (Rll and R07 in Figure 33, 
R23 and R06 in Figure 34, and R14, R13 and R09 in Figure 35). 
The maximum conversion rate after the acceleratory period also 
increased as temperature was increased, but the dependency of the rate 
on temperature was not as strong as that of the initial conversion rate 
on temperature. If the temperature was higher than 1100*C, the 
conversion-time curves for different temperatures at the same carbon 
monoxide concentrations were very close together. 
At lower temperatures, the reaction did not go to completion and 
the maximum conversion achieved increased as the reaction temperature 
was increased. 
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Carbon monoxide In order to show the effect of carbon monoxide 
concentration on the reduction kinetics, the same data shown In Figures 
31 to 35 were replotted In Figures 36 to 39 for different temperature 
levels. 
Generally, as the carbon monoxide concentration was Increased, the 
Induction period decreased, and the maximum rate of reaction Increased. 
The effect of carbon monoxide on the Initial conversion rate was less 
significant than the effect of temperature. Hence, the Initial 
conversion rate was dependent mainly on the reaction temperature, while 
the maximum conversion rate was dependent on both the temperature and 
the carbon monoxide concentration. In terms of nucleation and growth 
theory, the kinetics during the Induction period are more closely 
related to the rate of nucleation than the rate of growth of the new 
phase, and during the acceleratory period the rate of conversion is the 
result of both the rate of nucleation and the rate of growth of the new 
phase. Therefore, the rate of nucleation of this system appears to be 
primarily a function of temperature, whereas the rate of growth of the 
new phase seems to be a function of both temperature and carbon 
monoxide concentration. 
On the other hand, the maximum conversion for each run showed no 
significant change with carbon monoxide level. Only with 7% carbon 
monoxide was the maximum conversion low compared with that for smaller 
concentrations. This result was due to partial sulfldation of the 
product oxide. 
127 
1050"C, 20% C02, 5% S02 
R18, 3% CO O 
R17 5% CO A 
R16, 7% CO • 
TIME (min.) 
FIGURE 36. Effect Of CO concentration on the reduction of CaSO^ at 
1050*C in a gas phase containing 20% CO,, 5% SO,, and N, 
128 
1100°C, 20% C02, 5% S02 
R4C, 1% CO 0 
117, 2% CO • 
R05, 3% CO + 
R15, 5% CO • 
R14, 7% CO 
80 
TIME (min.) 
120 160 
FIGURE 37. Effect of 
1100*0 in 
CO concentration on the reduction of CaSO4 at 
a gas phase containing 20% CO,, 5% SO,, and N, 
129 
80 
TIME (min.) 
FIGURE 38. Effect of CO concentration on the reduction of CaSO, at 
1150*C In a gas phase containing 20% CO,, 5% SO,, and N, 
130 
1200°C, 20% C02, 5% S02 
R08, 1% CO O 
R07, 3% CO A 
R06, 5% CO 0 
R09, 7% CO * 
80 
TIME (min.) 
FIGURE 39. Effect of CO concentration on the reduction of CaSO* at 
1200*C in a gas phase containing 20% COjr 5% SO,, and N, 
131 
Carbon dioxide The effect of carbon dioxide concentration was 
examined at 1150*C with 2% carbon monoxide and 5% sulfur dioxide. As 
shown in Figure 40, the induction period increased appreciably as the 
carbon dioxide concentration was increased from 10 to 20%, but 
increasing the concentration further to 30% seemed to have little 
effect. 
On the other hand, the maximum conversion rate decreased only 
slightly by increasing the carbon dioxide level from 10 to 30%. These 
results suggest that the effect of carbon dioxide may be limited to 
nucleation, and the growth of nuclei may not be affected much by an 
increase in carbon dioxide concentration. 
Sulfur dioxide Figure 41 shows the effect of sulfur dioxide 
concentration at 1150*C with 2% carbon monoxide and 20% carbon 
dioxide. Similar to the carbon dioxide effect, the induction period 
increased noticeably as the sulfur dioxide concentration was increased 
from 1 to 3%, but further increases in sulfur dioxide concentration had 
little effect. On the other hand, the maximum rate of reaction 
appeared to reach a maximum value with 3% sulfur dioxide, but the 
results can hardly be generalized. 
Wheelock (1958) reported conflicting results in that the maximum 
desulfurization rate sometimes decreased and sometimes increased with 
an increase in either carbon dioxide concentration or sulfur dioxide 
concentration depending on the carbon monoxide level. Therefore, 
sulfur dioxide and carbon dioxide appear to have a significant effect 
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FIGURE 40. Effect of CO J concentration on the reduction of CaSO, at 
1150*0 in a gas phase containing 2% CO, 5% SO,, and N, 
133 
SOI, 
S08, 
SU, 
S06, 
CO , 20% C02 
1% S02 O 
3% S02 • 
5% 802 • 
7% S02 A 
50 
TIME (min.) 
100 
FIGURE 41. Effect of SOJ concentration on the reduction of CaSO^ at 
1150*0 in a gas phase containing 2% CO, 20% CO,, and N, 
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on the rate oC nucleatlon, but their concentrations do not appear to 
have much effect on the growth of nuclei. 
Pellet size The effect of pellet size was studied at two 
different.levels of carbon monoxide, 2% and 5%, and at 1150*C with 20% 
carbon dioxide and 5% sulfur dioxide. 
As shown In Figure 42, with 2% carbon monoxide the Induction 
period was Independent of pellet size, but the maximum conversion rate 
decreased when the pellet, size was increased. On the other hand, with 
5% carbon monoxide Figure 43 shows that the Induction period increased 
and the maximum conversion rate decreased when the pellet size was 
Increased. 
In both cases, the decrease in the maximum rate attributed to an 
Increase in pellet size appears due to the Increase in Intra-pellet 
dlffusional resistance. If the carbon monoxide concentration is low, 
the rate of nucleatlon seems to control the initial conversion rate 
and, hence, the induction period is the same regardless of pellet size 
(Figure 42). Conversely, with a higher carbon monoxide concentration 
(Figure 43) the rate of nucleatlon is more rapid and the effect of 
diffusion as well as intrinsic chemical reaction rate in the growth of 
nuclei becomes more important. Hence, the larger pellet would have a 
slower initial conversion rate than smaller pellet, due to the larger 
dlffusional resistance. Nevertheless, this observation is based on 
limited data and should be verified. 
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Kinetics of Calcium Oxide Sulfldatlon 
Although pure calcium oxide Is the desired product of the 
reductive decomposition process and calcium sulfide is an undeslred by­
product, thermodynamic considerations suggest that some calcium sulfide 
would be inevitably formed under most of the reaction conditions 
employed in this work (Figure 1). 
As discussed previously, if the pellet weight gain during 
thermogravlmetric analysis corresponds to sulfldatlon of the product 
oxide, the kinetics of sulfldatlon can be extracted from the pellet 
weight versus time data. Hence, it becomes possible to study the 
sulfldatlon kinetics and the effects of various reaction conditions on 
the kinetics. Though this method lacks some accuracy, it appears 
adequate for a preliminary study, since there has been no previous 
report on the sulfldatlon kinetics. 
General characteristics 
The study conducted with a scanning electron microscope suggested 
that sulfldatlon took place in accordance with an unreacted-core model. 
Also, as shown in Figures 44 to 50, sulfldatlon conversion generally 
increased linearly with time. If the unreacted-core model is applied 
to an infinite slab (which would be a good approximation for the thin 
disk-shaped pellets used in the present work), the conversion would be 
directly proportional to time for a process that is controlled by 
either film diffusion or chemical reaction. Since film diffusion 
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control is unlikely for the reasons discussed previously, the linear 
characteristics of the conversion versus time curve are mostly likely 
attributable to chemical reaction control of the conversion rate. 
On the other hand, sulfidatlon rarely went to completion and 
virtually stopped at a certain point which could not be predicted on a 
rational basis. The slowdown in reaction rate after some of the 
material had reacted was especially apparent with higher carbon 
monoxide levels such as 5% and 7%. This slow down appeared due to pore 
closure by the sulfide product, as the molecular weight of calcium 
sulfide is larger than that of calcium oxide. Therefore, although the 
formation of sulfide is predicted by thermodynamics, the actual amount 
in the product solid would be limited, since at lower temperatures and 
lower carbon monoxide concentrations its rate of formation would be low 
and at higher carbon monoxide concentrations, pore closure would 
interfere with its formation. 
Effects of reaction conditions 
The rate of sulfidatlon increased as the temperature and carbon 
monoxide concentration increased (Figures 44 to 47). On the other 
hand, an Increase in carbon dioxide concentration greatly reduced the 
sulfidatlon rate (Figure 48). Thus, at 1150*C with 2% carbon monoxide 
and 5% sulfur dioxide, the sulfidatlon reaction was completely 
suppressed by a carbon dioxide concentration of 30%. This result 
confirmed Wheelock's conclusion (1958) that it was possible to reduce 
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the amount of calcium sulfide to Insignificance by using a sufficiently 
high concentration of carbon dioxide. 
When no sulfur dioxide was present in the reaction atmosphere, no 
measurable amount of calcium sulfide was found in the product solid 
and, hence, no conversion was observed (Figure 49), At 1150°C with 2% 
carbon monoxide and 20% carbon dioxide, sulfidation was observed for 
sulfur dioxide levels over 3%, and conversion increased as the sulfur 
dioxide concentration was increased. This result was contrary to that 
noted for the reduction kinetics, where an increase in sulfur dioxide 
concentration had a negligible effect on the maximum rate. The 
difference in results was due to the fact that sulfur dioxide was a 
reactant in the sulfidation reaction and a product of the reduction 
reaction. The results tended to support the overall reaction which had 
been proposed: 
CaO + 3 CO + SOj •» CaS + 3 CO, (11) 
The conversion rate appeared to decrease as the pellet size 
increased (Figure 50). However, the actual weight gain was almost the 
same for a given reaction time regardless of pellet size. This 
observation seems to be consistent with the unreacted core model, in 
which the conversion rate is inversely proportional to pellet size 
(Levenspiel, 1972). Therefore, as Mehra (1964) reported, calcium 
sulfide formation tends to increase with decreasing particle size when 
calcium sulfate is reduced under similar conditions. 
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ANALYSIS OF REACTION KINETICS WITH MATHEMATICAL MODELS 
As noted by Szekely et al. (1976), the results of experimental 
studies are of little help In advancing one's understanding of a 
reaction system unless the data are amenable to Interpretation by means 
of a suitable model. 
For the reduction of calcium sulfate to calcium oxide, however, 
conventional models of topochemlcal kinetics do not make allowance for 
the induction period observed in this work. Therefore, a new model 
which is based on the Erofeev equation for the decomposition of solids 
was developed and conversion data were analyzed by statistical methods 
to estimate the parameters in this model. 
Also, by following the practice of previous investigations, the 
results of thermogravlmetric analysis were divided appropriately into 
two parts, corresponding to the induction period and the reaction 
period following the induction period. An empirical equation was 
obtained for the induction time as a function of temperature and gas 
composition, and the grain model was applied to the conversion of 
sulfate after the induction period. These results were compared with 
those reported previously by other workers. 
For the sulfidation of calcium oxide, the unreacted-core model was 
directly applied to the analysis of experimental data, and the 
parameters were evaluated by similar statistical methods. 
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Reduction of Calcium Sulfate 
Model developed for nucleatlon and growth kinetics 
A number of points called germ nuclei exist in crystalline solids, 
and these points are unique In that they can be the sites of highly 
localized decomposition. These points are usually situated in regions 
of crystal disorder such as dislocations, lattice vacancies, 
interstitial or impurity clusters, etc. The reactant molecules at such 
points are less well coordinated in the crystal lattice than are 
molecules on the normal surface so the crystal will decompose at these 
sites more readily because fewer bonds per molecule are broken. 
The active growth nuclei are formed from these germ nuclei at or 
before decomposition commences. To interpret the increase in the 
number of active growth nuclei with time, Bagdassarlaii (Young, 1966) 
proposed that a successive steps having probability (1 = 1, 2, 3, 
a) must occur at a germ nucleus before the nucleus can function 
as an active growth nucleus. In other words, if all the germ nuclei 
are the same size at t = 0, then the number of active growth nuclei at 
time t will be equal to the number of germ nuclei which have collected 
at least a product atoms in successive steps. 
As the nuclei grow, the product phase increases. Eventually the 
product phase originating from one nucleus overlaps the product phase 
originating from other nuclei. At the same time, the number of germ 
nuclei also decreases due to ingestion by the growing product phase. 
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This mechanism was expressed mathematically by Erofeev (Young, 
1966). For the nuclei which grow isotropically in a spherical shape at 
a constant rate, the Erofeev equation is as follows: 
w(t) » 1 - exp [ - 8:rNn(k,k^^'"kn.)]g^, f] (43) 
where 
w(t) = conversion of solid 
Kg = number of germ nuclei per unit volume of the solid 
reactant at the start of reaction, m-* 
kj = frequency (i = 1, 2, 3, •.•••., a), sec.-i 
k, = growth rate of nucleus, m/sec. 
t = time, sec. 
n * 0 + 3 
Though the Erofeev equation was originally developed for thermal 
decomposition, it can be applied to gas-solid reactions by a simple 
modification. For a gas-solid reaction, the growth rate of nuclei 
would correspond to the intrinsic rate of the reaction at the 
reactant/product interface (Rao, 1979). Hence, for the reduction of 
calcium sulfate, 
CaSO, (s) + CO (g) CaO (s) + CO, (g) + SO, (g) (2) 
the growth rate of nuclei would be 
k' = -a#- = Pso,) (44) 
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where 
r = radius of the spherical growth nuclei, m 
k, » intrinsic reaction rate constant, moles/ma sec. 
Pg = molar density of reactant B (or calcium sulfate), 
moles/m) 
g(Pco» Pco,' Pgog) = a function Involving the partial pressures 
of both the reactant and product gases at the reaction 
Interface 
If Intra-graln diffusion of gaseous reactants does not control the 
overall rate, equation (44) can be directly Incorporated into equation 
(43), resulting in the following equation: 
k*i/a gî/n t = [ - In (l-w)]i/a (45) 
where 
k = SffNn (k,k,...knj k 3 
" n! Pi 
In this equation, the parameter n depends only on the nucleation rate, 
whereas the parameter k„ includes both the nucleation and the growth 
rate constants. 
By applying equation (45) to the grain model structure proposed by 
Szekely et al. (1976), a general equation which may be used for cases 
under the influence of Intra-pellet diffusion was derived. Detailed 
results are provided in Appendix B. 
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When the effect of Intra-pellet diffusion is negligible, the 
conversion of a whole pellet would reflect the conversion of a single 
grain. Then equation (45) can be used directly as an asymptotic 
solution of the general equation: 
k^l/a g i  /  a  t, = [ - In (1 - X, )] 1 / n (46) 
where 
= reduction conversion of the whole pellet 
t^ = reduction time (= 0 at the beginning of reaction) 
Parameter estimation 
As discussed above under experimental results, intra-pellet 
diffusion did not appear to control the overall rate of reduction in 
the present system. Hence, the conversion-time data were analyzed with 
equation (46) directly, and parameters were estimated by fitting the 
model to the data. For the statistical analysis, the SAS software 
system installed at the lowa State University Computation Center was 
utilized. 
For this purpose, equation (46) was rearranged first into a linear 
form by taking logarithms of both sides: 
In [ - In (1 - X,)] = In (k*g3) + n In t, (47) 
Then linear regression analysis of the dependent variable, 
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In [ - In (1 - X,)], versus the independent variable. In t,, yielded 
values of n as a slope and In (k,g3) as an Intercept. The results so 
obtained for each run are listed in Table 6. As can be seen from the 
coefficient of determination R*, equation (47) fitted the data for most 
runs very well. 
TABLE 6. Estimated values of n and k*g) for the nucleation and growth 
model 
Run Experimental Conditions 
No. 
T(»C) Pco ^CO 2 ^so a 
k,g: n R: 
R18 1050 0.03 0.20 0.05 -39.3 4.33 0.97 
R17 1050 0.05 0.20 0.05 -22.6 2.43 0.80 
R16 1050 0.07 0.20 0.05 -21.5 2.51 0.97 . 
R4C 1100 0.01 0.20 0.05 -17.5 1.83 0.83 
117 1100 0.02 0.20 0.05 -18.3 2.02 0.69 
R5 1100 0.03 0.20 0.05 -29.8 3.65 0.92 
R15B 1100 0.05 0.20 0.05 -20.5 2.54 0.63 
R14 1100 0.07 0.20 0.05 -13.8 1.93 0.94 
R12 1150 0.01 0.20 0.05 -21.1 2.65 0.88 
C4 1150 0.02 0.10 0.05 -17.1 2.35 0.98 
SI 1150 0.02 0.20 0.01 -17.0 2.20 0.91 
S8 1150 0.02 0.20 0.03 -17.0 1.95 0.65 
Sll 1150 0.02 0.20 0.05 -19.3 2.27 0.71 
S6 1150 0.02 0.20 0.07 -18.7 2.18 0.67 
CS 1150 0.02 0.30 0.05 -21.9 2.57 0.77 
Rll 1150 0.03 0.20 0.05 -21.5 3.01 0.95 
R23 1150 0.05 0.20 0.05 -18.6 2.59 0.91 
R13 1150 0.07 0.20 0.05 -8.7 1.38 0.99 
R8 1200 0.01 0.20 0.05 -16.5 1.96 0.94 
R7 1200 0.03 0.20 0.05 -16.1 2.27 1.00 
R6 1200 0.05 0.20 0.05 -16.1 2.36 0.94 
R9 1200 0.07 0.20 0.05 -8.5 1.40 1.00 
153 
Although the values of n and k*g3 were determined for each set of 
reaction conditions, the functional relationship between these 
parameters and the reaction conditions was still not known. Therefore, 
the correlations between these parameters and the variables such as 
temperature and gas composition were studied. As shown in Table 7, 
both parameters n and k^g* were strongly correlated with temperature. 
This result was expected since as discussed in the preceding chapter, 
both the induction period and the maximum conversion rate depended 
noticeably on the reaction temperature. 
TABLE 7. Pearson correlation coefficients between model parameters (n 
and k,g3 ) and reaction conditions, and the probabilities that 
these coefficients are zero 
T(«C) Pco ^CO 3 ^50 2 
Correlation n 
k*9: 
-0.449 
0.583 
-0.202 
0.323 
0.052 
-0.115 
0.082 
-0.088 
Probability n 0.036 
0.004 
0.368 
0.143 
0.820 
0.609 
0.718 
0.698 
*Prob. > |R| under Hq ;p = 0 / M = 22. 
The term k„g3 had a stronger correlation than parameter n with 
carbon monoxide partial pressure, which indicated that carbon monoxide 
had a greater effect on the intrinsic rate of the gas-solid reaction 
than on the nucleation rate, which was also consistent with the 
experimental observations. 
154 
On the other hand, both parameters were only weakly correlated 
with carbon dioxide and sulfur dioxide partial pressures. While this 
result could have been due to lack of extensive data, the kinetics 
themselves could be so complex that a simple relation cannot describe 
adequately the effects of these gases. Nevertheless, the correlation 
coefficient signs correctly showed whether the effects of the gases 
were positive or negative. 
To simplify the problem, the parameter n was assumed to be a 
function of the reaction temperature only. Various forms of 
correlating equations were then tried and the best results were 
obtained with the following equation: 
n = (11.17 ¥ 3.91) - (6.25 T 2.78) x 10-3 T (48) 
where T = reaction temperature (K). 
On the other hand, the following general forms were assumed for k, 
and g: 
k, = k,g exp (- E,/RT) (49) 
0 ' 0 2 ' ^ s 0 2^ O^c 0 2^S 0 2 (50) 
where 
k„o = frequency factor, sec.-i 
E„ = activation energy for nucleation and growth, kJ/mole 
R = gas constant, 8.314x10-) kJ/mole*K 
a, fi, 7 = constants 
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Then the term k,g3 can be represented as shown below. 
In (k„g3) • In k|,o - E„/RT 
+ 3 (<i In Pgg + fi In Pgog * y In P502) (51) 
A multilinear regression analysis was carried out using the REG 
procedure oC the SAS software system to determine the parameters shown 
in the preceding equation, and the following results were obtained: 
fl ™ 1«22 7 0>60 
0 = -1.34 ; 2.15 
7 = -0.53 T 1.04 
k*o = 6.21 X 10*5 T 7.31 x 10:# (sec.-i) 
Ey = 1439 T 395 (kJ/mole) 
As can be seen from the standard errors of the estimates, the data 
were rather scattered and the fit was not very good, particularly for 
carbon dioxide and sulfur dioxide. However, the index for the partial 
pressure of carbon monoxide was close to one, which agrees with the 
first order reaction observed by Wheelock (1958) and Diaz-Bossio et al. 
(1985). Both studies reported that the reduction of calcium sulfate 
was first order with respect to carbon monoxide concentration. It 
suggests that the model developed in this work correctly represents the 
reaction rate for the intrinsic gas-solid reaction. 
On the other hand, the activation energy Ey appears to be 
unrealistically high; however, the activation energy E, corresponding 
to the activation energy of the intrinsic chemical reaction should be 
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E, a 1/3 E„ (52) 
because k„ in equation (45) is proportional to k3. Therefore, 
E, a 479 ; 132 (kJ/mole) 
This value is still high but within the range of values obtained by 
Diaz-Bossio et al. (1985). It will be discussed in more detail in the 
next section. 
Using values of the parameters obtained above, conversions were 
estimated for a number of runs and compared with experimental values. 
As shown in Figure 51, the data points seemed to be scattered, but the 
coefficient of determination was found to be 0.723, which indicates a 
reasonable agreement between the estimated and actual conversions. 
Since successive data points were taken at 5 min. intervals from plot 
of thermogravimetric data, their distribution could be biased in favor 
of slower runs which took a longer time. For slower run conditions, 
predicted values were smaller than experimental values until the 
maximum rate was reached. Hence, if the same number of data points had 
been obtained for each run, the agreement between the predicted and the 
experimental values could be better than that shown in Figure 51. 
When the contribution of the terms Pco, ^soa ignored, the 
following results were obtained: 
o = 1.17 T 0.58 
k„0 = 1.31 X losi T 8.37 x lOi* (sec. ' O  
Ey = 1456 ; 380 (kJ/mole) 
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FIGURE 51. Comparison of predicted and experimental conversions for 
the reduction of calcium sulfate (prediction based on the 
nucleatlon and growth model): A = 1 obs., B = 2 obs., etc. 
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E, = 485 ; 127 (kJ/mole) 
These values of the parameters were not much different from the 
preceding ones. Moreover, the coefficient of determination was 0.779, 
which was slightly better than before. Hence, it appears that within 
the limitations of the present experimental data, the effects of the 
carbon dioxide and sulfur dioxide partial pressures could not be 
correctly represented by the model developed in this work. 
Comparison with the grain model 
As mentioned at the beginning of this chapter, previous 
investigators (Szekely and Evans, 1971; Szekely et al., 1973) avoided 
the induction period problem in their analyses of experimental data by 
displacing the computed conversion curves so that time zero was taken 
at the end of the induction period. Then conventional models of 
topochemical kinetics could be applied for analysis of the data. 
A similar method was also followed in this work for the purpose of 
comparison. As shown in Figure 52, a straight line was drawn first at 
the point of maximum conversion rate in contact with the 
thermogravimetric curve. Then another point on this line corresponding 
to the initial weight of the pellet was taken as a new starting point 
for the topochemical reaction. The induction time could be defined as 
the period between the beginning of the reaction and this new starting 
point, and the maximum conversion rate would be equivalent to the 
initial conversion rate of the topochemical reaction. Thereby the 
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FIGURE 52. Estimation of the induction time and the maximum rate from 
thermogravlmetric curve 
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conversion data could be analyzed using the same grain model applied by 
Dlaz-Bosslo et al. <1985). In short, this procedure can be represented 
as follows: 
( Overall ) - (Induction) ( Grain ) 
^ Kinetics' ^ Time ^ ^ Model ^  
Table 8 shows the induction time and the maximum conversion rate 
so obtained, and correlation coefficients for these parameters with 
temperature and gas composition are given in Table 9. As expected, the 
induction time was affected by reaction conditions in much the same way 
as parameter n was affected, and the maximum conversion rate was 
affected by reaction conditions much as the intercept term k,g3 was 
affected. The only difference seemed to be the positive sign for the 
correlation coefficient between the maximum rate and the sulfur dioxide 
partial pressure, but the coefficient was not statistically 
significant. 
By applying multilinear regression analysis as in the preceding 
section, the following empirical equation was obtained for the 
induction time as a function of temperature and gas composition: 
tja, = (5.28X107 2) 1 - 2 2 . 9 *  (Pco)-I . *6 (Pcoa>'-" (Pao,)*-:: 
(53) 
where tj** is in mln., T is in K, and partial pressures are 
dimenslonless. Although this equation has no theoretical basis, it can 
be used in practice for estimating induction time. 
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TABLE 8. Induction time and maximum conversion rate of the reduction 
of calcium sulfate 
Run Experimental Conditions tj*, (dX,/dt), 
No. (min.) (mln.-i) 
T(®C) PG 0 ^COJ ^SOA 
R18 1050 0.03 0.20 0.05 76.5 0.0111 
R17 1050 0.05 0.20 0.05 76.0 0.0111 
RIG 1050 0.07 0.20 0.05 33.0 0.0134 
R4C 1100 0.01 0.20 0.05 106.0 0.0054 
117 1100 0.02 0.20 0.05 63.0 0.0262 
R5 1100 0.03 0.20 0.05 36.0 0.0431 
RISE 1100 0.05 0.20 0.05 30.5 0.0913 
R14 1100 0.07 0.20 0.05 5.0 0.0564 
R12 1150 0.01 0.20 0.05 85.0 0.0143 
C4 1150 0.02 0.10 0.05 10.0 0.0453 
SI 1150 0.02 0.20 0.01 18.5 0.0301 
S8 1150 0.02 0.20 0.03 48.0 0.0336 
Sll 1150 0.02 0.20 0.05 48.0 0.0286 
S6 1150 0.02 0.20 0.07 48.0 0.0504 
CS 1150 0.02 0.30 0.05 50.0 0.0268 
Rll 1150 0.03 0.20 0.05 12.0 0.0607 
R23 1150 0.05 0.20 0.05 13.5 0.0814 
R13 1150 0.07 0.20 0.05 2.0 0.1093 
R8 1200 0.01 0.20 0.05 35.0 0.0161 
R7 1200 0.03 0.20 0.05 7.0 0.0503 
R6 1200 0.05 0.20 0.05 8.0 0.0791 
R9 1200 0.07 0.20 0.05 1.5 0.1284 
As discussed in the literature review, for spherical grains 
undergoing a process in which the rate is controlled by chemical 
reaction, the grain model provides equation (17). Also, for spherical 
grains, the more easily measurable quantities such as surface area and 
solid density can be substituted for the Initial grain radius by using 
the following relation (Diaz-Bossio et al., 1985): 
r,o =3/P,A, (54) 
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TABLE 9. Pearson correlation coefficients between model parameters 
[tjad and (dX,/dt),] and reaction conditions, and the 
probabilities that these coefficients are zero 
T(°C) Pc, Pco a Pso a 
Correlation 
(dX,/dt). 
-0.506 
0.450 
-0.543 
0.624 
0.206 
-0.084 
0.111 
0.130 
Probability ad 
(dX,/dt). 
0.016 
0.036 
0.009 
0.002 
0.359 
0.709 
0.622 
0.564 
'Prob. > |R| under HQIP = 0 / N = 22. 
where is the specific surface area of the pellet (m'/mole). 
Two different methods of analysis were employed to estimate the 
grain model parameters from the conversion data. One of them was to 
use the maximum conversion rate and another was to fit the data 
directly to the integral form of the model equation. 
For the first method, a differential form of equation (17) was 
derived. 
(•^)^ 0 = kfo [exp(-|^) ] A, (55) 
where 
(dX/dt)t.0 = initial conversion rate after the induction 
period, or (dX,/dt),, sec.-i 
= frequency factor, m/sec. 
E, = activation energy for reduction, kJ/mole 
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By rearranging and taking logarithms of both sides, equation (55) can 
be rewritten as follows: 
Linear regression analysis was applied to estimate the activation 
energy and the frequency factor. The results are given in Table 10. 
TABLE 10. Comparison of the activation energy and the frequency factor 
determined by various methods 
Source Reducing Activation Energy Frequency Factor 
Gas (kJ/mole) (m/sec.)xio-* 
Diaz-Bossio CO 242 7 33 7.9 
et al. (1985) H, 288 7 44 610 
Present CO* 479 T 127 
Work CO A 208 T 33 3.6 
COo 248 ; 9 12.9 
'Based on the nucleation and growth model. 
ABased on the differential form of the grain model. 
«Based on the integral form of the grain model. 
For the second method, the integral form of the grain model, 
equation (17), was rearranged as follows for ease of analysis: 
1. (jyL) . (i) f (5„ 
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where t denotes the reaction time starting after the Induction period. 
The activation energy and the frequency factor were estimated by the 
same linear regression method used above. The results are also listed 
in Table 10. 
The results show that all values of the activation energy are in a 
range appropriate for a chemical reaction controlled process, 
regardless of the methods used, as long as the induction period was 
disregarded. Moreover, although Diaz-Bossio et al. (1985) did not 
include sulfur dioxide in their experiments, their values for the 
activation energy and frequency factor were almost the same as those 
found in this work. Therefore, the effect of sulfur dioxide seems to 
be limited mostly to the induction period. 
On the other hand, the activation energy evaluated by means of the 
nucleation and growth model was somewhat larger than the others. The 
larger value could be due to the added effect of nucleation. 
Therefore, if the model is correct and the experimental data properly 
represent the nucleation process, the activation energy for nucleation 
could be about 200 kJ/mole. 
Sulfidation of Calcium Oxide 
Application of the unreacted-core model 
As discussed in the experimental results section, the sulfidation 
of calcium oxide during the later stage of the reductive decomposition 
of calcium sulfate was found to follow an unreacted-core model. 
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Therefore, conversion data were fitted to the model and parameters were 
evaluated. Though the estimation of sulfldatlon conversion was not 
very accurate as noted under experimental results, It still appears 
worthwhile to have a working equation for a preliminary Information. 
In the unreacted-core model. If the chemical reaction controls the 
overall rate, the following equation can be applied for a thin slab or 
a flat plate (Levensplel, 1972): 
X, = t,/f (58) 
where 
= sulfldatlon conversion 
tg = reaction time for sulfldatlon, sec. 
r - Pam  ^  
k# g(Pc<j» ^coi' Pgog) 
Pcao ~ molar density of calcium oxide, moles/m^ 
L = half thickness of pellet, m 
k, = reaction rate constant for sulfldatlon, moles/m^sec. 
g(Pco, Pcoa» Pfo;) = a function of partial pressures 
Parameter estimation 
Since the actual sulfldatlon reaction was observed to slow down in 
an unpredictable manner, only the linear portion of the conversion-time 
curve was utilized and the slope was determined. The results are 
listed in Table 11. 
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TABLE 11. Slope of the conversion-time curve of calcium oxide 
sulfldatlon 
Run Experimental Conditions slope 
No. 
T(«C) Pco *0 0 a *50 a 
(mln.-
R18 1050 0.03 0.20 0.05 0.0015 
R17 1050 0.05 0.20 0.05 0.0035 
RIG 1050 0.07 0.20 0.05 0.0027 
R4D 1100 0.01 0.20 0.05 0.0010 
117 1100 0.02 0.20 0.05 0.0052 
R5 1100 0.03 0.20 0.05 0.0104 
R15 1100 0.05 0.20 0.05 0.0127 
R14 1100 0.07 0.20 0.05 0.0098 
CI 1150 0.02 0.10 0.05 0.0099 
13 1150 0.02 0.20 0.00 0.0000 
SI 1150 0.02 0.20 0.01 0.0000 
S5 1150 0.02 0.20 0.03 0.0024 
SIO 1150 0.02 0.20 0.05 0.0029 
S6 1150 0.02 0.20 0.07 0.0065 
S13 1150 0.02 0.20 0.10 0.0036 
C2 1150 0.02 0.30 0.05 0.0000 
C6 1150 0.02 0.50 0.05 0.0000 
Rll 1150 0.03 0.20 0.05 0.0092 
RIO 1150 0.05 0.20 0.05 0.0197 
R13 1150 0.07 0.20 0.05 0.0204 
R6 1200 0.05 0.20 0.05 0.0184 
R9 1200 0.07 0.20 0.05 0.0161 
The slope of the conversion-time curve corresponds to 1/r, and it 
is a function of temperature and gas composition. Since the functional 
form of the gas concentration terms was not determined, the following 
general equation was considered: 
(slope) Pel, L (-&")] ^coPJoa^soa <59) 
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By taking logarithms of both sides, equation (59) can be written as 
follows : 
ta (Slop.) . in (7^) - (f)-#-
+ o In Ppo + a In Pcoa + 7 In Pgo, (60) 
Multilinear regression was carried out as described previously auid 
the following parameters were determined: 
a = 1.05 r 0.23 
a = -1.13 T 0.83 
7 = 0.34 ¥ 0.60 
k,o = 4.41 X 10* T 1.5 X 101 (moles/m^sec.) 
E, = 174 ¥ 46 (kJ/mole) 
where R' value was 0.733, Indicating a reasonably good fit of the 
equation to the data. 
The activation energy was in the range appropriate for a chemical 
reaction controlled process. Most interestingly, the exponents for the 
gas partial pressures were proportional to the stoichiometric 
coefficients for the sulfldatlon reaction (11). 
CaO + 3 CO + SOj -> CaS + 3 CO, (11) 
This result appears to confirm the overall sulfldatlon reaction (11), 
but the actual mechanism, which could involve several steps (like that 
of Pechkovskii and Ketov (1961)), is still unknown. 
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CONCLUSIONS 
The kinetics of the reductive decomposition of calcium sulfate 
pellets with carbon monoxide consist of several distinct reaction 
stages including an induction period, an acceleratory period, a decay 
period, and a sulfldatlon stage, successively. During the induction 
period, the rate of the reaction was extremely slow, while the reaction 
proceeded very rapidly afterwards. 
During the induction period and subsequent acceleratory period, 
the only solid product was calcium oxide. Calcium sulfide was observed 
later during the decay period and its quantity continuously increased, 
causing a reacting pellet to gain in weight. This result and 
supporting experiments indicated that, in contrast to previous views of 
the reaction, the reductive decomposition of calcium sulfate is 
actually composed of two separate reactions; the reduction of calcium 
sulfate to calcium oxide and the sulfldatlon of calcium oxide to 
calcium sulfide. Moreover, when the reducing potential, Pco/Pco;» was 
less than 0.25, sulfldatlon did not appear until the reactant sulfate 
was almost completely converted to the oxide. 
Subsequent microscopic analysis of the reaction products showed 
that the reduction of sulfate occurred simultaneously throughout the 
pellet, indicating negligible resistance to intra-pellet diffusion. On 
the other hand, the sulfldatlon of calcium oxide was found to proceed 
in accordance with an unreacted-core model, but this mechanism can not 
be explained for such a porous pellet. 
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The observed results suggest that among various proposed reaction 
mechanisms, the one proposed by Pechkovskll and Ketov (1961) is the 
most reasonable for the present system. However, the reaction 
intermediates involved in that mechanism, such as calcium sulfite for 
oxide formation and elemental sulfur for sulfide formation, were not 
observed. 
By assuming that only the reduction of sulfate to oxide took place 
until the weight of a reacting pellet reached a minimum during 
thermogravimetric analysis and that the subsequent gain in weight of 
the pellet was due to sulfidation of the oxide, it was possible to 
estimate the conversion for each step as a function of time from the 
results of thermogravimetric analysis. 
The results have shown that one of the most distinguishing 
features of the kinetics of this reaction system is a long induction 
period. This period often occupied more than half of the total 
reaction time for the complete reduction of sulfate to oxide when 
sulfur dioxide was present in the gas phase. Subsequent experiments 
showed that this period can be eliminated almost completely by 
preheating a calcium sulfate pellet in an atmosphere containing 5% 
sulfur dioxide and 95% nitrogen, which causes no apparent change in the 
chemical composition of the material. On the other hand, the surface 
area of the pellet was greatly reduced by preheating. These results 
suggest that nucleation of the product oxide phase may have a 
significant effect on the kinetics of calcium sulfate reduction. 
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When a pellet was not preheated and reacted directly, the 
Induction period was generally decreased and the overall sulfate 
conversion rate was increased as the reaction temperature and carbon 
monoxide concentration were increased. Since the conversion rate 
during the induction period was more dependent on temperature than on 
carbon monoxide concentration, it appeared that nucleation is mainly a 
function of temperature. On the other hand, the growth of these nuclei 
is a function of both temperature and gas composition. 
As the concentrations of carbon dioxide and sulfur dioxide 
increased to 20% and 3%, respectively, the induction period increased, 
but further increases in the concentrations of these gases made little 
difference. The effect of these gases on the maximum conversion rate 
was conflicting and hard to generalize. 
As pellet size increased, the maximum calcium sulfate conversion 
rate decreased, indicating a significant effect of intra-pellet 
diffusion. The effect of pellet size on the Induction period depended 
on the carbon monoxide level. For a low carbon monoxide concentration, 
the induction period was almost the same for a thin disk-shaped pellet 
and a larger cylindrical pellet, whereas for a high carbon monoxide 
level, the induction period was much longer for the larger pellet than 
for the smaller pellet. 
The conversion of calcium oxide to calcium sulfide increased 
almost linearly with reaction time, which is in agreement with a 
shrinking unreacted-core model in which the rate is controlled by 
171 
chemical reaction. However, the reaction tended to slow down abruptly, 
particularly with high carbon monoxide concentrations, probably due to 
pore closure by the product. 
The rate of sulfidation increased with an Increase in either 
temperature or carbon monoxide concentration. Also the sulfidation 
rate increased with an increase in sulfur dioxide concentration, but it 
decreased greatly with an increase in carbon dioxide concentration. 
This result seemed to agree with the stoichiometric reaction. When the 
pellet size was increased, the conversion rate decreased, but the 
actual quantity of sulfide formed was almost the same regardless of 
pellet size. For the unreacted-core model, the rate of conversion is 
inversely proportional to the thickness of the pellet and the results 
appeared to be consistent with this model. 
Since conventional models of topochemical kinetics do not make 
allowance for an induction period, a new model was developed which is 
based on the Erofeev model for nucleation and growth of a new crystal 
phase to represent decomposition of solids. The new model was used as 
a basis for analyzing the experimental data collected during the 
reduction of calcium sulfate to calcium oxide. The model was fitted to 
the data by statistical methods. 
The result of this analysis showed that the reduction of calcium 
sulfate is a first order reaction with respect to carbon monoxide 
concentration, which is consistent with the previous studies by 
Wheelock (1958) and Diaz-Bossio et al. (1985). On the other hand, the 
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estimated activation energy was 479 kJ/mole, which is about twice the 
activation energy reported for the intrinsic gas-solid reaction 
kinetics disregarding the effect of nucleatlon. When the present 
conversion data collected following the induction period were analyzed 
by the grain model, the activation energy and the frequency factor were 
in the same range as the values reported previously. The nucleatlon 
and growth model seemed to represent the experimental data collected in 
this work reasonably well. Hence, this model seems to represent 
adequately both the nucleatlon kinetics and the intrinsic gas-solid 
reaction kinetics. However, the model did not appear to represent 
properly the effects of carbon dioxide and sulfur dioxide 
concentrations. 
When calcium oxide sulfldation data were analyzed with a shrinking 
unreacted-core model, the reaction rate was found to be approximately 
first order with respect to carbon monoxide concentration, one-third 
order with respect to sulfur dioxide concentration, and inversely 
proportional to carbon dioxide concentration. These result were in 
general agreement with the stoichiometric reaction. The estimated 
activation energy was 174 kJ/mole, which is in the proper range for a 
chemical reaction controlled process. 
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APPENDIX A: PARTICLE AND GRAIN SIZE ANALYSIS 
In a gas-solid reaction, the physical structure or the morphology 
of a solid Is Important In that It determines the available surface 
area for reaction and the resistance to diffusion for gaseous 
reactants. Hence, the observed conversion rate may be significantly 
dependent on the structure. 
In order to have some preliminary Information about the solid 
structure, reagent grade powdered gypsum (CaSO,«28,0) from Fisher 
Scientific Company, which was used as a solid reactant in the present 
work, was analyzed with a Mlcrotrac Particle Size Analyzer (Leeds and 
Northrup model 7991-0/1} to determine the particle size distribution of 
the material before making pellets. Also, to check on the effect of 
drying, completely dried calcium sulfate (g-CaSO,) was prepared and 
analyzed by the same method. 
As shown in Table A.l, the median size of both gypsum and dried 
calcium sulfate particles was about 50 wn. The small difference in 
size distribution appeared due to some agglomeration observed during 
the analysis. Hence, whether a pellet was made of gypsum or dried 
calcium sulfate should not have affected the macroscopic structure of 
the pellet. 
Scanning electron micrographs showed that the particles were 
composed of tiny grains. The results of X-ray diffraction analysis 
were utilized to estimate grain size by means of the Scherrer formula 
(Cullity, 1978). The technique is based on the broadening of X-ray 
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TABLE A.l. Particle size distribution of gypsum and dried calcium 
sulfate 
Weight % 
Size (m) 
Dried* 
Gypsum Calcium Sulfate 
176 0.5 0.0 
125 21.8 15.9 
88 15.2 25.8 
62 16.9 14.2 
44 16.6 4.6 
31 10.8 14.6 
22 3.3 1.5 
16 3.1 5.8 
11 4.1 5.1 
7.8 4.3 2.3 
5.5 1.5 4.2 
3.9 0.7 1.6 
2.8 0.7 3.9 
size (m) 
Cumulative 
Weight % Dried' 
Gypsum Calcium Sulfate 
Median 55.45 51.57 
90% 108.97 101.77 
50% 48.86 51.56 
10% 9.86 5.70 
'Dried in an oven at 750*C overnight. 
diffraction lines which results 
ideal lattice because of defect 
size measured by this technique 
as the crystal lattice departs from an 
structure or finite lattice. The grain 
is an average value, and since line 
180 
broadening Is also due to Instrumental characteristics, it may be only 
approximate. Nevertheless, relative comparison of the average grain 
sizes is possible by this method. 
The grain sizes of both g-calcium sulfate and calcium oxide were 
obtained for different reaction products, and the results are presented 
in Table A.2. The grain size of calcium sulfide could not be 
determined because the strongest X-ray peak for calcium sulfide could 
not be separated from a nearby sulfate peak. 
TABLE A.2. Results of grain size analysis 
Run 
No. 
T 
(°C) 
CO 
(%) 
If II 
Grain Size (%) 
CaSO* CaO 
Raw Gypsum 140 
Dried Gypsum* - - - 200 -
R3 1100 5 82 230 160 
R27 1150 5 11 200 -
R22 1150 5 37 210 160 
R21 1150 5 138 230 230 
R1 1200 3 54 230 -
'Dried in an oven at 750*C overnight. 
The calcium sulfate grain size seemed to be increased by heating a 
calcium sulfate pellet above 750*C, probably due to sintering, but the 
grain size did not appear to change further either due to reaction or 
to an increase in heating time. This observation was consistent with 
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the surface area analysis of pellets heated in an atmosphere containing 
5% sulfur dioxide and 95% nitrogen. The surface area rapidly decreased 
from 21.5 m:/g to 0.25 mVg within 5 min. and no further change was 
observed. On the other hand, since the grain size of the oxide product 
was somewhat smaller than that of the sulfate reactant, the surface 
area and pellet structure were expected to change gradually during the 
reaction. Therefore, it was concluded that the solid structure change 
was mainly due to the chemical reaction, and the effect of sintering 
was limited to the first few minutes of reaction. 
The pore size distribution of an unreacted pellet was determined 
by the nitrogen adsorption/desorption method using the AccuSorb Surface 
Area Analyzer. As shown in Figure A.l, the radius of most pores were 
less than 200 %, which corresponds to the order of the grain size. 
Hence, the important structural characteristics of a pellet seem to be 
determined at the grain level. This suggests that the grain model for 
a topochemical gas-solid reaction would be appropriate for the present 
system. 
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o 
f—I 
UNREACTED PELLET 
DRIED AT 250*0 
<N~ 
100 200 
PORE RADIUS (A) 
300 400 
PIQURE A.l. Pore size distribution of an unreacted pellet 
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APPENDIX B: GENERAL NUCLEATION AMD GROWTH MODEL 
In a previous chapter, a model for the nucleation and growth 
kinetics of a new solid phase was derived for the case where intra-
grain diffusion does not control the overall conversion rate, and 
conversion data for calcium sulfate reduction were analyzed with this 
model by assuming that the effect of intra-pellet diffusion was also 
negligible. 
To extend this model to a more general case where both nucleation 
and growth kinetics and intra-pellet diffusion are significant, the 
nucleation and growth model was incorporated in the grain model 
attributed to Szekely et al. (1976). The approach was similar to that 
used by Sohn (1978) except that he used a different form of the 
nucleation and growth model. Therefore, although Sohn's method was 
generally followed in the present work, a different model equation was 
derived. 
To simplify the problem, the following initial assumptions were 
made: 
1. The resistance due to external mass transport is negligible. 
2. The concentration gradients for the gaseous reactants within 
the pellet are stationary relative to the reaction interface 
of the solid (the pseudo-steady state approximation). 
3. The concentrations of gaseous reactants and products are low 
enough so that Pick's second law of diffusion can be 
applied. In other words, the convective term in the 
diffusion flux equation is negligible. 
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4. The solid structure is macroscopically uniform and 
unaffected by the reaction 
5. The system is isothermal. 
Additionally, a first order reaction with respect to gaseous 
reactant A was assumed for the intrinsic gas-solid reaction. Hence, 
the equation for the nucleation and growth model (equation (45)) 
becomes 
k,i/a 0,3/* t = [ - In (1 -«)]!/» 
(Bl) 
where C^i is the local concentration of A (moles/m)) in the pellet. 
Since concentration is preferable to partial pressure in deriving the 
equations which follow, the dimensions of parameter kj, must be changed 
accordingly. 
For the pellet as a whole, the conservation of gaseous reactant A 
can be expressed as follows: 
D, 7:0, - y, = 0 (B2) 
where 
D, = effective diffusion coefficient for the pellet, m^/sec. 
y, = local rate of consumption of gaseous reactant A 
per unit volume of porous solid, moles/m»sec. 
A simple material balance provides an expression for y, in terms 
of the conversion rate for an individual grain: 
185 
y, = (1 - •) p, 0«/at) (B3) 
where 
« = porosity of pellet 
Pg = molar density of solid reactant B, moles/m: 
From the nucleation and growth model, the conversion rate for a grain 
can be expressed by 
where f'(w) is the derivative of the function, 
f(u) = [ - In (1 - «)]! / » (B5) 
As a result, the following general conservation equation is 
obtained: 
D. V'C, - = 0 (B6) 
This equation can be rearranged using the following dimensionless 
varicUDles : 
4» = C,/C,, (B7) 
t; • k„i/« C,!/» t (B8) 
V /(I - «)F,p, k,i/n C,, 
• ~ÂÎ / 2De (B9) 
A.R 
PpV, 
(BIO) 
7*2 a Laplacian operator with respect to 
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where 
C*, - concentration of gaseous reactant A at the pellet 
surface, moles/m) 
R = distance coordinate In the pellet, m 
Ap = external surface area of pellet, m> 
Vp = volume of pellet, m3 
Fp = shape factor for pellet (1 for an Infinite slab, 2 for 
a long cylinder, and 3 for a sphere, respectively) 
Then the general conservation equations for the gaseous reactant are as 
follows : 
7-.* - 2P, .0 (BID 
with the boundary and initial conditions, 
0^/3rj = 0 at q = 0 
^ = 1 at % = 1 
w = 0 at tg = 0 
The overall conversion of solid reactant for a whole pellet is 
given by 
J 0 
X = - P.| N'  * U DI| <B13) 
d, " 
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The solution of the general equation requires a numerical method, 
but depending on the gas-solid reaction modulus a,, two asymptotic 
solutions can be obtained: 
(1) a, < 0 
If nucleation and growth controls the overall conversion rate 
or if intra-pellet diffusion is extremely fast compared to the 
intrinsic chemical reaction rate, the gaseous reactant 
concentration is uniform throughout the pellet (# = 1) and w 
is independent of r}. Hence, the solution becomes 
If the overall conversion rate is controlled by intra-pellet 
diffusion of the gaseous reactant, the rate of the reaction 
would be the same as for a diffusion controlled unreacted-core 
model. Its solution (Szekely et al., 1976) is 
= f(X) = [ - In (1 - X)]i/a (B14) 
(2) a„ » 
(B15) 
where 
Pfp(X) = X' (for Fp=l, infinite slab) 
= X + (l-X)ln(l-X) (for Pp=2, long cylinder) 
= 1 - 3(l-X)a/3 + 2(1-X) (for F,=3, sphere) 
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For Intrinsic reaction kinetics other than first-order, similar 
general equations can be derived by following the above procedure using 
a minimum number of additional assumptions. 
